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INTRODUCTION TO DOVER EDITION 


Some people seem destined to be centers of controversy. I can 
think of no one who would dispute Gabriel Kron’s eminent right to 
be numbered among them. 

Kron’s early work opened new domains in the applications of tensor 
analysis yet when it first appeared it received scant attention. And 
later, when it began to be recognized as possibly significant, it was 
much vilified, even as people began the sport — still indulged in — of 
presenting Kron’s procedures in barely disguised form, as by talking 
of matrices instead of tensors, while absent-mindedly failing to mention 
the source of their ideas. Various complaints were made about Kron’s 
work : that it was completely wrong ; that it might perhaps at bottom 
be correct but used tensors improperly; that it used tensors not at ail 
but was old stuff decked out in matrix clothing; and that even this 
decking out was not new. One observed a curious conflict of trends in 
the complaints : the work w^as wrong— the work w^as right but not new. 
Either way, Kron could hardly gain the impression that he was being 
flattered, except perhaps by attention. 


J. Slepian once likened Kron's work to fruit salad; and A. 
Duschek and A. Hochrainer, in the introduction to their book 
Grundzilge der Tensor rechnung in Anahjtischer Darstellung, 
dismissed an American author — evidently Kron — with the fol- 
lowing words : 

„Ein besonderes krasser Fall ist aber der eines amerikanischen 
Autors, der die Tensorrechnung geradezu mit Gewalt auf die 
Theorie der elektrischen Maschinen und Netze anwenden will, 
sich bis zu den Begriffen //absolutes Differential'^ und //Kriim- 
mungstensor" versteigt und dariiber dicke Bucher and lange 
Serien von Abhandlungen veroffentlicht." * 


* The precise flavor of the invective is hard to render into English. The 
following is an approximate translation: A particularly crass instance, 
however, is that of an American author, who wants to apply the tensor 
calculus with downright violence to the theory of electric machines and 
networks, even goes so far as to use the concepts “absolute differential’^ 
and “curvature tensor,” and publishes thick books and long series of 
papers on it all. 
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Why should the work of Kron have excited such general ani- 
mosity? One reason is, doubtless, its bold originality, for the lot 
of the innovator is rarely smooth. Another may lie in the very 
nature of Kron’s synthesis, bringing together, as it does, the 
previously disparate fields of electrical engineering and tensor 
analysis. In the early days few people were equipped to assay 
the work of Kron since, for the most part, those who knew elec- 
trical engineering did not know" tensor analysis and those who 
knew tensor analysis did not know" electrical engineering. The 
impression thus arose that the w"ork w"as formidably difficult, 
and this may w^ell have prejudiced people against it. Actually it 
is no more difficult than many things that electrical engineers 
have learned to take in their stride ; and such difficulty as there 
may be is more than compensated by a superb unification. 

Originality and apparent difficulty may partly explain the re- 
sistance Kron’s w"ork has encountered. But Kron himself is also 
to blame, for he is far from being a convincing expositor. His 
primitive concept of rigor, his appeal to “generalization postu- 
lates” in lieu of proofs, his attempts, fortunately absent from the 
present book, to impress by a sort of name dropping of impres- 
sive-sounding terms like Riemann-Christoffel Curvature Tensor 
and Unified Field Theory — these and other faults have alienated 
many people. 

Kron w"ould be the first to concede his lack of rigor. He does 
not claim to be a pure mathematician. But we have no right to 
insist that an innovator present his ideas in impeccable form. 
We must take our innovators as they come, and we should be 
grateful to get their ideas in any intelligible form at all. Newton 
himself, by modern standards, w-as shockingly unrigorous in his 
presentation of the calculus; and unrigorous too by standards 
of his time, for his work w'as validly criticized by Bishop Berkeley. 

Let us concede that Kron writes thick books and long series 
of papers, that in some of his papers he is w"illfully obscure, 
that he seems to delight in being irritating, that he lacks all 
concept of mathematical rigor, and that he makes errors. Let us 
make all other valid complaints against him. There remains 
nevertheless an impressive corpus of w^ork that stamps him as 
an innovator of major importance. 

P. Le Corbeiller wTote in the preface of his book Matrix Analy- 
sis of Electric Netivorks: 
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'‘Kron is the author of a method of analysis of rotating elec- 
trical machinery, in which one and the same tensor equation 
applies to every conceivable type of machine. This, in my opinion, 
is the most significant advance in electrical engineering analysis 
since the introduction of impedances by Kennelly and Steinmetz 
and of the two-reaction method by A. Blonde!.’’ 

And P. Langevin, who was the first to champion the seemingly 
grotesque ideas of de Broglie on the wave nature of matter, 
quickly recognized the importance of Kron’s work and saw to it 
that Kron was awarded the Montefiore prize. Indeed, Kron now 
has a significant international following, particularly in England, 
France, and Japan. 

Outside of geometry and the theory of relativity, the applica- 
tions of tensor analysis have often been, from the tensorial point 
of view, rather trifling. To write basic equations in tensorial 
form by means of covariant derivatives is hardly to exhaust the 
resources of the tensor calculus and while the use of the tensor 
law of transformation to express these equations in terms of 
spherical and cylindrical coordinates may at one time have 
seemed remarkable, it is a small matter compared with the uses 
to which Kron puts the tensor transformation law. 

For Kron uses tensors to unify great classes of physical sys- 
tems. With him a tensor transformation changes, for example, 
the equations of one electrical machine to those of another elec- 
trical machine of different type. He constructs prototype ma- 
chines — the primitive machines — from whose equations he 
obtains those of all other electrical machines by applying ap- 
propriate tensor transformations. This in itself is a masterly 
unification. But in addition Kron shows how different established 
theories of a given machine are convertible into one another by 
tensor transformation. 

To accomplish these things Kron goes beyond the types of 
transformations usually employed in technological applications 
of tensor analysis. His transformations are often singular, and 
in certain important cases non-holonomic. That such transforma- 
tions are essential ingredients of the unification is an indication 
of the non-trivial nature of Kron’s achievement. But for some 
reason their presence has called forth strong criticism. True, they 
are unexpected; that may make them suspect, but it does not 
make them wrone*. 
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Do we wish to criticize Kron’s use of singular transforma- 
tions? Then, to be consistent, we should criticize also the use of 
such tensor transformations in the theory of Lagrangian dy- 
namics. Do we complain that Kron uses non-holonomic reference 
frames? Then, to be consistent, we should complain too about 
the Maxwell-Lorentz electrodynamics, for Lorentz was the man 
who first realized the non-holonomic character of the charges used 
therein as electrodynamical coordinates. 

There is irony in the fact that Lagrangian dynamics and Max- 
well-Lorentz electrodynamics had been accepted without demur 
by the very critics who objected to Kron's using singular and 
non-holonomic transformations, for w^hile Kron went w^ell be- 
yond what had been done before with these transformations he 
did no violence to the ideas already present in embryonic form 
in dynamics and electrodynamics. 

In more advanced work growing out of that presented in this 
book, Kron uses the curvature tensor, a fact noted with appar- 
ent distaste by Duschek and Hochrainer. Kron uses the curva- 
ture tensor in both holonomic and non-holonomic reference 
frames, something probably without precedent in the techno- 
logical applications of tensors. But he uses it because it comes 
in naturally. He does not drag it in arbitrarily merely to impress 
or annoy — though once it is in he is not above using it for 
those purposes. 

When first I encountered Kron’s work, nearly a quarter of a 
century ago, I was extremely dubious of its validity, and even 
of its plausibility. Trained, as I was, in the tensorial tradition 
of geometry and relativity, I balked at the use of singular trans- 
formations the elements of w’^hose matrices were mainly ones, 
minus ones, and zeros; the tensor nature of such work seemed 
highly suspect. I can sympathize with Duschek and Hochrainer 
in the attitude they expressed many years ago towards Kron's 
work, for, because of the extraordinary originality of that work, 
its initial effect on those who knew tensors was indeed shocking. 
But I have long been convinced that the work that forms the 
topic of this book is both valid and important, that it makes 
proper, if novel, use of tensor concepts, that tensors are an in- 
tegral and essential part of it, and that it constitutes an epoch 
making extension of the realm of application of tensor analysis. 
In recent years Kron has considerably extended his method and 
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advanced into new territories of application. Each advance has 
excited new controversy reminiscent of the old, but I am less 
competent to discuss these matters, lacking sufficient expertness 
in the fields involved. 

The present book, ostensibly an introduction to tensor analysis, 
is really an introduction to Kron’s tensor theory of stationary 
electrical networks and rotating electrical machines. If you seek 
in it a rigorous presentation of the subject you will be disap- 
pointed. Approach it with a diflPerent attitude. Seek in it a 
working introduction to the remarkable methods that Kron 
discovered. Accept the assurances of myself and increasingly 
many others that the work can be demonstrated to be funda- 
mentally valid. Read the book, in fact, as you would read a work 
by Heaviside now that it is no longer fashionable to deride him — 
for Heaviside and Kron have much in common. Do this and you 
will find to your delight that the basic procedures are clearly 
set forth, the various aspects of the generalized machine are 
patiently portrayed, the illustrative examples are nicely worked 
out, the steps to be taken are carefully codified — in short, that, 
within its limitations, this book is almost a model of exposition. 
For no one presents the ideas of Kron more vividly than Kron 
himself. 

June , 1958 Banesh Hoffmann 

Queens College 
Flushing, N. Y. 




PUBLICATIONS OF GABRIEL KRON 


I. Books 


The Application of Tensors to the 
Analysis of Rotating Electrical 
Machinery. Schenectady: General 
Electric Eeview, 1938. Pp. xii + 
187. 

Tensor Analysis of Networks. New 
York: John Wiley & Sons, 1939. 
Pp, xxiv + 635. 


A Short Course in Tensor Analysis 
for Elect7'ical Engineers. New 
York: John Wiley & Sons, 1942. 
Pp. XV -j- 250. 

Equivalent Circuits of Electrical 
Machinery. New York: John 
Wiley & Sons, 1951. Pp. xviii + 
278. 


IL Monographs published in serial form 


“The Application of Tensors to the 
Analysis of Rotating Electrical 
Machinery, Part I, The Algebra 
of Hypercomplex Numbers,’’ Gen- 
eral Electric Review, XXXVIII 
(April, 1935), 181-91. 

“Part II, Transformation The- 
ory,” Ibid. (May, 1935), 230-43. 
“Part III, The Generalized Ro- 
tating Machine,” Ibid., (June, 
1935), 282-92. 

“Part IV, Machines with Sta- 
tionary Axes,” Ibid., (July, 
1935), 339-44; (August, 1935), 
386-91. 

“Part V, Labor-Saving Devices,” 
Ibid., (September, 1935), 434- 
40; (October, 1935), 473-79. 
“Part VI, Moving Reference 
Axes,” Ibid., (November, 1935), 
527-36. 

“Part VII, Machines with Mov- 
ing Axes,” Ibid., (December, 
1935), 582-91. 

“Part VIII, Interconnected Ma- 
chines,” Ibid., XXXIX (Febru- 
ary, 1936), 108-16. 

“Part IX, The Building Up of 
New Geometric Objects,” Ibid., 
(March, 1936), 155-59. 

“Part X, The Various Forms of 
the Equation of Motion,” Ibid., 


(April, 1936), 201-10. 

“Part XI, Machines under Accel- 
eration,” Ibid., (May, 1936), 
249-57. 

“Part XII, Small Oscillations,” 
Ibid., (June, 1936), 297-306. 
“Part XIII, Oscillating Refer- 
ence Axes,” Ibid., (August, 1936) , 
397-402; (October, 1936), 504-9. 
“Part XIV, Oscillations in Slip- 
Ring Machines,” Ibid., XL (Feb- 
ruary, 1937), 101-7; (April, 

1937), 197-202. 

“Part XV, The Raising and Low- 
ering of Indices,” Ibid., (June, 
1937), 296-302; (August, 1937), 
389-96 

“Part XVI, The Basic Theory 
of Networks,” Ibid., (October, 

1937) , 490-6; (December, 1937), 
594-601; XLI (March, 1938), 
153-59. 

“Part XVII, Nonholonomic Ref- 
erence Frames,” Ibid., (May, 

1938) , 244-50. 

“Part XVIII, The Dynamical 
Equations of Lagrange,” Ibid., 
(October, 1938), 448-54. 
“Tensorial Analysis of Integrated 
Transmission Systems, Part I, 
The Six Basic Reference 
Frames,” Transactions AIEE, 



XiV 


PUBLICATIONS OF GABRIEL KRON 


11. Monographs in serial form — Continued 


“Tensoriai Analysis ” — Cont 
LXX (1951), 1239-46. 

“Part 11, Off-Nominal Turn Ra- 
tios,” J&zd, LXXI (1952), 505-12. 
“Part III, The ‘Primitive^ Divi- 
sion,” Ibid., (1952), 814-21. 
“Part IV, The Interconnection of 
Transmission Systems,” Ibid., 
LXXII (1953), 827-38. 
“Diakoptics, — The Piecewise Solu- 
tion of Large-Scale Systems,” 
The Electi'icalJ ournal (London), 
formerly The Electrician, “An 
Introduction to Universal Engi- 
neering” (June 7, 1957), 1673-77. 
“Chapter I, Topology of Piece- 
wise Analysis,” Ibid., (July 5, 

1957), 27-34; (July 12, 1957), 
101-5. 

“Chapter II, Orthogonal Net- 
works.” Ibid., (August 9, 1957), 
385-94. 

“Chapter III, Piecewise Solution 
of Diffusion-Type Networks,” 
Ibid., (September 13, 1957), 745- 
53. 

“Chapter IV, Topology of Piece- 
wise Solution,” Ibid., (October 
11, 1957), 1041-49. 

“Chapter V, Topological Model 
of a Transportation Problem,” 
Ibid., (November 15, 1957), 1409- 
16. 

“Chapter VI, Piecewise Optimi- 
zation of Linear Programming,” 
Ibid., (December 13, 1957), 1713- 
21 . 

“Chapter VII, Generalization of 
Topology to Mechanical Struc- 
tures,” Ibid., (January 10, 1958), 
93-98. 

“Chapter VIII, Building-Blocks 


of Elastic Structures,” Ibid., 
(February 7, 1958), 399-407. 
“Chapter IX, Turbine Split-Dia- 
phragms,” Ibid., (March 7, 

1958), 705-11. 

“Chapter X, Piecewise Solution 
of Non-Linear Plastic Struc- 
tures,” Ibid., (April, 1958), 1141- 
47. 

“Chapter XI, Topological Models 
of the Elastic Field,” Ibid., (May, 
1958), 1435-44. 

“Chapter XII, Piecewise Solution 
of Mesh Networks,” Ibid., (June, 

1958) , 1711-18. 

“Chapter XIII, Piecewise Solu- 
tion of Poisson-Type Networks,” 
Ibid., (July, 1958), 25-31. 
“Chapter XIV, Pyramiding Su- 
persystem Solutions,” Ibid., (Au- 
gust, 1958), 289-94. 

“Chapter XV, Piecewise Analyt- 
ical Solutions (One Parameter 
per Subdivision),” Ibid., (Sep- 
tember, 1958), 701-05. 

“Chapter XVI, Singular Subdivi- 
sions,” Ibid., (October, 1958), 
1071-77. 

“Chapter XVII, Piecewise Solu- 
tion of Eigenvalue Problems,” 
Ibid., (November, 1958), 1371-77. 
“Chapter XVIII, Piecewise Solu- 
tion of Time-Varying Problems,” 
Ibid., (December, 1958), 1727- 
32. 

“Chapter XIX, Elastic Building- 
Blocks of Polyatomic Molecules,” 
Ibid., (January, 1959), 149-55. 
“Chapter XIX, Epilogue, — and 
Prologue to Multidimensional 
Wave Models,” Ibid., (February, 

1959) . 


III. Articles about Tensor Analysis ‘Tn The Large” (Topology) 


“Tensor Analysis of Rotating Ma- 
chinery,” Baia-Mare, Rumania: 
Privately printed, (May, 1932). 
Presented at the January 1933 
Winter Convention of AIEE. 
“Discussion of Summer’s Paper: 
‘Vector Theory of Circuits In- 


volving Synchronous Machines,’ ” 
Trans. AIEE, LI (June, 1932), 
325. 

“Non-Riemannian Dynamics of Ro- 
tating Electrical Machinery,” 
Jour, of Math, and Physics, XIII- 
2 (May, 1934), 103-94. 



PUBLICATIONS OP GABRIEL KRON 


XV 


III. Tensor Analysis 'Tn The Large ” — Continued 


“Quasi”Holonomic Dynamical Sys- 
tems/’ Physics, VII-4 (April, 
193'6), 143-52. 

‘‘Analyse Tensorielie appliquee a 
FArt de ITngenieur,” Bull, de 
U Association des Ivgenie 2 irs Elec- 
triciens sortis de Vlnstitnt Elec- 
trotechniq'ue Montefiore, No. 9 
(September, 1936) ; No. 10 (Octo- 
ber, 1936) ; No. 1 (January, 
1937), No. 2 (February, 1937). 

“Tensor Analysis of Multielectrode- 
Tube Circuits,” Electrical Engr., 
IN (November, 1936), 1220-42. 

“Invariant Forms of the Maxwell- 
Lorentz Field Equations for Ac- 
celerated Systems,” Jour, of Ap- 


plied Physics, IX-3 (March, 
1938), 196-208. 

“Classification of the Reference 
Frames of a Synchronous Ma- 
chine,” Trans. AIEE, LXIX 
(1950), 720-27. 

“Stationary Networks and Trans- 
mission Lines Along Uniformly 
Rotating Reference Frames,” 
Trans. AIEE, LXVIII— Part I 
(1949), 690-96. 

“So You Are Going To Study Ten- 
sors?” The Matrix & Tensor 
Quarterly, II-4 (June, 1952), 
3-6; BE AM A Journal, (October, 
1952), 306-9. 


IV. Articles about Equivalent Circuits of Electrical Machinery 


“Equivalent Circuit of the Capaci- 
tor Motor,” G.E. Review, XLIV-9 
(September, 1941), 511-13. 

“Equivalent Circuit of the Salient- 
Pole Synchronous Machine,” G.E. 
Review, XLIV-12 (December, 
1941), 679-83. 

“The Double-Fed Machine,” Trans. 
AIEE, LXI (May, 1942), 286-89. 

“Equivalent Circuit of the Primi- 
tive Rotating Machine,” G.E. Re- 
view, XLIX (March, 1946), 43-9. 

“Equivalent Circuits of the Primi- 
tive Rotating Machine with 
Asymmetrical Stator and Rotor,” 


Trans. AIEE, LXVI (1947) 17- 
23. 

“Tensorial Analysis and Equivalent 
Circuit of a Variable-Ratio Fre- 
quency Changer,” Trans. AIEE, 
LXVI (1947), 1503-6. 

“Steady-State Equivalent Circuits 
of Synchronous and Induction 
Machines,” Trans. AIEE, LXVII 
(1948), 175-81. 

“Equivalent Circuits of the Shaded- 
Pole Motor with Space Har- 
monics,” Trans. AIEE, LXIX 
(1950), 735-41. 


V. Articles about Theory of Electrical Devices 


“Generalized Theory of Electrical 
Machinery,” Trans. AIEE, XLIX 
(April, 1930), 666-85. 

“Induction Motor Slot Combina- 
tions,” Trans. AIEE, L (June, 

VL Articles about Stability of 

“Equivalent Circuits for the Hunt- 
ing of Electrical Machinery,” 
Trans. AIEE, LXI (May, 1942), 
290-96. 

“Equivalent Circuits for Oscillat- 
ing Systems and the Riemann- 


1931), 757-68. 

“Tracing of Electron Trajectories 
Using the Differential Analyzer, 
Part I,” Proc. LR.E., XXXVI- 
l:Pt.l (January, 1948), 70-73. 

Multi-Energy Systems 

Christoffel Curvature Tensor,” 
Trans. AIEE, LXII (January, 
1943), 25-31. 

“Self-Excited Oscillation of Capaci- 
tor-Compensated Long-Distance 
Transmission Systems,” (with 



XVI 


PUBLICATIONS OF GABRIEL KRON 


VL Stability of Multi-Energy Systems— Continued 


“Self-Excited Oscillation” — Cont 
R.B. Bodine and C. Concordia), 
Trans, AIEE, LXII (January, 

1943), 41-44. 

“Steady- State and Hunting Equiva- 
lent Circuits of Long-Distance 
Transmission Systems,” G.E. Re- 
view, XLVI (June, 1943), 337-42. 

VII. Articles about Control of 

“The Direct- Acting Generator Volt- 
age Regulator,” (with W.K. 
Boice, S.B. Crary, and L.W. 
Thompson), Trans, AIEE, LIX 
(March, 1940), 149-157. 

“Tensorial Analysis of Control Sys- 
tems,” Jour, of Applied Mechan- 
ics, XV (June, 1948), A107-124. 

“Regulating System for Dynamo- 
Electric Machine,” U.S. Patent 
No. 2, 692, 967 (October 26, 


“Damping and Synchronizing 
Torques of Power Selsyns,” (with 
C. Concordia), Trans. AIEE, 
LXIV (June, 1945), 366-71. 

“A New Theory of Hunting,” 
Trans. AIEE, LXXI (October, 
1952), 869-66. 

Multi-Energy Systems 

1964). 

“A ^Super - Regulator^ - Cancelling 
the Transient Reactance of Syn- 
chronous Machines,” Matrix & 
Tensor Quarterly, V-3 (March, 
1955), 71-75; The Electrical 

Journal, CLIV-14 (April, 1955). 

“A Physical Interpretation of the 
Riemann-Christotfel Curvature 
Tensor,” The Tensor (Japan), 
IV-3 (March, 1955), 150-72. 


VIIL Articles about Electric-Circuit Models of 
Non-Electrical Systems 


“Equivalent Circuits of the Elastic 
Field,” Jour, of Applied Mechan- 
ics, XI (1944), A-149-A-161. 

“Network Analyzer Solution of the 
Equivalent Circuits of Elastic 
Structures,” (with G.K. Carter), 
Jour, of the Franklin Institute, 
CCXXXVIII (December, 1944), 
443-52. 

“Tensorial Analysis and Equiva- 
lent Circuits of Elastic Struc- 
tures,” Jour, of the Franklin In- 
stitute, CCXXXVIII (December, 

1944) , 400-42. 

“Electric Circuit Models of the 
Schrodinger Equation,” The 
Physical Review, LXVII-1,2 
(January 1, 15, 1945), 39-43. 

“A.C. Network Analyzer Study of 
the Schrodinger Equation,” (with 
G.K. Carter), The Physical Re- 
view, LXVII-1,2 (January 1, 15, 

1945) , 44-49. 

“Numerical Solution of Ordinary 
and Partial Differential Equa- 
tions by Means of Equivalent 


Circuits,” Jour, of Applied Phy- 
sics, XVI-3 (March, 1945), 172- 
86 . 

“Equivalent Circuits of Compres- 
sible and Incompressible Fluid 
Flow Fields,” Jour. Aeronautical 
Sciences, XII-2 (April, 1945), 
221-31. 

“Numerical and Network Analyzer 
Tests of an Equivalent Circuit 
for Compressible Fluid Flow,” 
(with G.K. Carter), Jour, of 
Aeronautical Sciences, XII-2 
(April, 1945) 232-34. 

“Electric Circuit Models for the 
Vibration Spectrum of Poly- 
atomic Molecules,” Jour. Chem- 
ical Physics, XIV-1 (January, 

1946), 19-31. 

“Network Analyzer Tests of Equiv- 
alent Circuits of Vibration Poly- 
atomic Molecules,” (with G. K. 
Carter), Jour. Chemical Physics, 
XIV-1 (January, 1946), 32-34, 



PUBLICATIONS OF GABRIEL KRON 


xvii 


VIIL Electric-Circuit Models — Continued 


^‘Equivalent Circuits for the Nu- 
merical Solution of the Critical 
Speeds of Flexible Shafts,” Jour, 
of Applied Mechanics, XIII-2 
(June, 1946) A 109-A 117. 
“Electric Circuit Models of Partial 


IX. Articles about Tearing of 

“A Set of Principles to Interconnect 
the Solutions of Physical Sys- 
tems,” Jour, of Applied Physics, 
XXIV (August, 1953), 965-80. 

“A Method for Solving Very Large 
Physical Systems in Easy 
Stages,” Proc. I.R.E., XLII-4 
(April, 1954), 680-86. 

“Solving Highly Complex Elastic 
Structures in Easy Stages,” Jour, 
of Applied Mechanics, XXII-2 
(June, 1955), 235-44. 

“Detailed Example of Interconnect- 
ing Piecewise Solutions,” Jour, 
of Franklin Institute, XXV-5 
(April, 1955), 307-33. 

“Inverting a 256x256 Matrix,” En- 
gineering (London), CLXXVIII 
(March 11, 1955). 

“Tearing and Interconnecting as a 
Form of Transformation,” Quar- 
terly of Applied Math., XIII-2 
(July, 1955), 147-59. 

“Solution of Complex Nonlinear 
Plastic Structures by the Method 
of Tearing,” Jour, of Aeronauti- 
cal Sciences, XXIII-6 (June, 
1956), 557-62. 

“Multiple Substitution of Basic 
Vectors in Linear Program- 
ming,” Matrix & Tensor Quar- 
terly, VIl-1 (September, 1956), 
3-11. 

“Improved Procedures for Inter- 
connecting Piecewise Solutions,” 
Jour, of Franklin Institute, 
CCLXII-6 (November, 1956), 
385-9i 


Differential Equations,” Electri- 
cal Engr., (July, 1948), 672-84. 

“Electric Circuit Models of the 
Nuclear Reactor,” Trans. AIEE, 
LXXIII (1954), 259-65. 


Topological Models 

“Electrical Power Engineering as 
a Spearhead of ‘UniversaF En- 
gineering,” Bull, of^ Electrical 
Engr. Education (Univ. of Man- 
chester), (December, 1956), 1-20. 

“Diakoptics — A Gateway into Uni- 
versal Engineering,” The Elec- 
trical Journal (London), (De- 
cember, 1956). 

“A Very Simple Example of Piece- 
wise Solution,” Matrix & Tensor 
Quarterly, VIII-1 (September, 
1957), 13-15. 

“Tearing, Tensors and Topological 
Models,” American Scientist, 
XLV-5, (December, 1957), 401- 
13. 

“Numerical Example- for Intercon- 
necting Piecewise Solutions of 
Elastic Structures,” Memoirs of 
the Unifying Study of the Basic 
Problems in Engineering Sci- 
ences by Means of Geometry, 
Vol. II, (Association for Science 
Documents Information, Tokyo, 
Japan). 

“Diakoptics — The Science of Tear- 
ing, Tensors and Topological 
Models,” Memoirs of the Unify- 
ing Study of the Basic Problems 
in Engineering Sciences by 
Means of Geometry, Vol. II, (As- 
sociation for Science Documents 
Information, Tokyo, Japan). 

“Factorized Inverse of Partitioned 
Matrices, Matrix and Tensor 
Quarterly, VIII, No. 2, Dec. 
1957, 39-41. 



xviii 


PUBLICATIONS OF GABRIEL KRON 


X. Multidimensional Wave Models 


^'Equivalent Circuits to Represent 
the Electromagnetic Field Equa- 
tions/^ The Physical Review^ 
LXIV-3,4 (August 1, 15, 1943), 
126-28. 

“Equivalent Circuit of the Field 
Equations of Maxwell-I,” Proc. 
LR.E., XXXII-5,6 (May, 1944), 
289-99. 

“Network Analyzer Studies of 
Electromagnetic Cavity Resona- 
tors,’^ (with J.R. Whinnery, C. 
Concordia, and W. Ridgeway) , 


Proc, LR,E„ XXXII-5,6 (June, 
1944), 360-66. 

“A Generalization of the Calculus 
of Finite Differences to Non- 
Uniformly Spaced Variables,” 
Trans. AIEE, LXXVII (1958), 
Part I, 539-44. 

“Multidimensional Space-Filters,” 
Matrix and Tensor Quarterly, 
IX-2, (December, 1958), 40-46. 

“Basic Concepts of Multidimen- 
sional Space-Filters,” Trans. 
AIEE, LXXVIII (1959), Part I. 



PREFACE 


This volume contains a series of lectures delivered to students in the 
Advanced Course in Engineering of the General Electric Company. 
The subject matter represents a short outline of the tensorial method 
of attack of certain electrical-engineering problems that has appeared 
in three more exhaustive publications* and in several shorter papers 
since 1932. Although no additional basic concepts are introduced that 
have not appeared in the other publications, still several old topics are 
presented from a new point of view and other new subjects are touched 
upon, such as mercury-arc rectifier circuits. Among the new groups 
of transformations introduced are those establishing equivalent cir- 
cuits for rotating machines (such as the capacitor motor) that can be 
set up on the a-c. network analyzer. 

The subject matter has been selected from the point of view of the 
power engineer and is divided into two parts. The first part deals with 
the invariant theory of general asymmetrical networks, without inquir- 
ing too closely what the individual ^^coil'' and its impedance Z stand 
for. The network may be stationary or rotating; the performance may 
be transient or steady-state. The second part undertakes a more 
detailed analysis of one special type of asymmetrical network, namely, 
rotating machines. 

The purpose of this volume is to develop a new method of reasoning 
in analyzing engineering problems and not to study in detail any par- 
ticular structure. There are no speed-torque curves or descriptions of 
performances of systems. The volume is restricted to the presentation 
of a unified method of analysis. Although the method of reasoning is 

* Kron, “Tensor Analysis of Networks,'' John Wiley & Sons, January, 1939. 

Kron, “The Application of Tensors to the Analysis of Rotating Electrical Ma- 
chinery,” Parts I-XVI, General Electric Review, May, 1938. 

Kron, “The Application of Tensors to the Analysis of Rotating Electrical Ma- 
chinery.” A series of articles that appeared in the General Electric Review beginning 
April, 1935, of which Parts XVII and XVIII (May and October, 1938) are not 
included in the bound volume. 

These three publications will be referred to throughout the text as T.A.N., 
A,T.E,M,, and G.E.R., respectively. 
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new, the results arrived at are in a form used by engineers with whom 
the author is in contact. 

At first reading the following chapters may be considered: 1-4, 
6, 12, 13, 15-18, 21-23, 28, 30, 32. 

Gabriel Kron 


Schenectady, N. Y. 
February 9, 1942 



INTRODUCTION 


One of the purposes of this and the other books of the author is to 
establish, manipulate, and solve the equations of performance of com- 
plex engineering systems in an organized manner instead of haphazardly 
and to utilize this organization to obtain new information about the 
systems. In the following, only the setting up of equations will be 
studied in detail, and of the many manipulations only one process — 
the elimination of variables — will be introduced. Since practically all 
the differential equations introduced can be solved, if at all, by well- 
known methods, the systematic solution of systems of differential 
equations is not undertaken in these pages. In textbooks on matrices 
the reader will find a wealth of material on the systematic solution of 
sets of differential equations. 

The organization is undertaken with the aid of a mathematical tool 
known as tensor analysis, which has been found to be the natural tool 
for investigating phenomena taking place in the actual physical world 
or in the abstract spaces invented by human imagination. However, 
the manner of application of these modern concepts for the problems 
of the engineer differs radically from the point of view adopted by the 
physicist (or the geometer). This radical departure is necessitated by 
the different goal aimed at by the two groups of specialists. 

Tensor analysis has hitherto been used exclusively to establish the 
invariant law^s of nature in the form of tensor equations that are inde- 
pendent of the reference frame employed. Very little attention has 
been paid, however, to expanding these symbolic equations to particu- 
lar cases. In these volumes, on the contrary, the establishment of 
symbolic equations is only a stepping-stone toward the final goal of 
constructing a smooth-running mechanism that automatically unfolds 
the relatively few symbolic equations to apply to the infinite variety of 
specific problems with which an industrial civilization confronts the 
engineer. 

This mechanism is nothing more than a method of reasoning, a 
philosophy, that serves as a pathfinder while the engineer cuts his way 
across the labyrinth of interrelated phenomena. A short outline of the 
proposed method of attack on engineering problems (whether they are 
electrical or mechanical phenomena) is given here. 
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Let the transient and steady-state performance of an engineering 
structure, say a turbine-governing system or an electric speed drive, 
be determined. The steps are as follows: 

1. Do not analyze the ginen system immediately, since it is com- 
plicated. Instead, first set up the equations of another related sys- 
tem which is much simpler to analyze (or whose equations have 
already been established on a previous occasion). 

2. Then change the equations of the simpler system to those of 
the complex system by a routine procedure. 

Tensor analysis supplies the routine rules by which the equations 
of the simpler (or known) system are changed to those of the given 
system. 

The question immediately arises: How are the simpler systems estab- 
lished? Two procedures are available, to be used independently or 
simultaneously. 

1. Break up the complex system into several component systems hy 
removing certain strategically located interconnections so that each compo- 
nent should he easy to analyze. This break-up may he accomplished in 
several successive steps. 

For a turbine-governing system, say, the system is divided into the 
governor, the linkage, the pilot valve, and the turbine, and the per- 
formance of each is studied as if the others were not present. For an 
electric speed drive, the system is divided into the synchronous motor, 
the induction motor, and the stationary network. 

Now, if the equations of each of these component systems have not 
been established before, then each component is again subdivided into 
still smaller components whose equations are easy to establish. 

The collection of component systems, which forms the last step in 
the necessary subdivision, will be called the “primitive system.” 

Once the equation of a component part (say, the governor) has been 
established, there is no more necessity to establish its equation all over 
again when it is used as a component part of a different engineering 
system. That is, the results of all investigations in the language of 
tensors may be stored away for future use in different types of prob- 
lems just as standardized machine parts are stored away to be reassem- 
bled in a variety of structures. 

2. In addition to breaking up the complex system into several com- 
ponent systems, assume neWt simpler types of reference frames either in 
the original or in the hroken~up systems. 

For instance, instead of curvilinear axes, assume rectilinear axes if 
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possible; or, instead of brushes at an angle, assume brushes along the 
main poles; etc. The new axes may be actually existing or hypotheti- 
cal axes (like symmetrical components or normal coordinates, for 
example) . 

The routine procedure of going from the equations of the “primitive 
system” to the equations of the actual system is usually referred to as 
'Transformation theory” or “transformation of reference frames.” 
This process is the backbone of tensor analysis. 

It is surprising how few ultimate types of elements there are that 
form the building blocks of the great variety of engineering structures. 
Most stationary networks consist of a collection of one-dimensional 
"coils” only; all rotating machines consist only of a collection of two- 
dimensional “windings.” The great variety of structures differ only 
by the manner of interconnections of these ultimate coils and wind- 
ings, and the variety of theories differ only by the type of hypothetical 
reference frame assumed. 

It is only the study of the ultimate building blocks that requires 
analytical work. The interconnection of these units into the given 
system is a routine procedure. 

Of course, many ideas of tensor analysis have been and are utilized 
by engineers in their daily work without using the word “tensor.” 
The present study undertakes a systematization and extension of 
those loose or half-baked ideas and “hunches.” 

Although the method of reasoning will be employed here only for 
stationary and rotating electrical networks, exactly the same reasoning 
applies also to mechanical and other physical systems. That is, all 
reasonings and all symbolic formulas to be studied are independent 
of electrical engineering. The electrical applications are only illus- 
trations. 

It should be mentioned that only the second step of changing the 
reference frame on a given system has been used by geometers in 
differential geometry by employing the apparatus of tensor analysis. 
However, the first step of tearing a structure into several component 
parts, or rather transforming the equations of different structures into 
each other, has not been employed as yet in geometry. It is this very 
process of building up the equations of complex physical structures 
from those of their component parts that serves as the key to the 
tensorial analysis of engineering structures. Without this process 
every individual machine and system presents an isolated problem to 
be analyzed anew from the very fundamentals. 

Only during the last few years has a similar study been undertaken 
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by geometers in topology, using reasonings, concepts, and the appara- 
tus of tensor analysis analogous to those employed by electrical 
engineers.* It is rather interesting that Kirchhoff laid the foundation 
of topology by his study of electrical networks. It is not a coincidence 
but a consequence of some hitherto hidden relation between the prop- 
erties of space and those of electricity that the science of electrical 
engineering and that of topology meet again on a common ground 
when both are viewed from an invariant point of view. 

As first steps to the type of organization undertaken by the method 
of tensors, the use of matrices and three-dimensional vectors, both 
familiar concepts to engineers, may be considered. Matrices have 
been extensively employed by mathematicians in function-theoretical 
investigations, for instance in determining the characteristics of the 
roots of differential equations. Frazier, Duncan, and Collar f have 
used matrices in investigating the differential equations that arise in 
mechanical vibration problems. Feldtkeller,J also Strecker, Cauer, 
and their followers, have used matrices in synthesis problems of four- 
terminal communication networks. 

The vectors of conventional vector analysis (also the dyadics, 
triadics, and, in general, the “polyadics”) form a type of organization 
different from matrices, though matrices of various dimensions always 
arise whenever vectors are represented along some particular reference 
frame. Whereas matrices owe their existence to arbitrary mathemati- 
cal definitions, vectors have an independent physical existence of their 
own, and their mathematical definitions try only to embody the physi- 
cal characteristics of vectors endowed by nature. That is, the concepts 
of conventional vector analysis are matrices come to life. 

Now tensors may he looked upon as vectors (or rather polyadics) come 
of age. While vectors can represent only three variables simultane- 
ously, tensors may be used in problems with any number of variables. 
The use of conventional vectors is restricted to special types of refer- 
ence frames drawn in special types of spaces. No such limitations are 
imposed upon tensors. 

That is, ‘'tensor” is just another name for ‘^physical entity.” Tensor 
analysis is the study of physical phenomena in terms of the physical 
entities themselves. It also supplies a routine mechanism to express 
the behavior of these entities in a mathematical form along any 
desired reference frame. 

* Tucker, “Discussion on Tensor Analysis,” Electrical Engineering, 1937, p. 619. 

t “Elementary Matrices,” Oxford University Press, 1938. 

t “Fernmeldtechnik ” Springer, Berlin, 1938. 
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Since engineers deal with more complicated and interrelated physical 
phenomena than physicists or geometers, tensor analysis is an engineer- 
ing tool par excellence, and it might have been invented and devel- 
oped by engineers had not engineering often been restricted in past 
decades to a cut-and-try art. As analytical methods come into more 
prominence and the complexity of engineering problems increases, the 
need of putting to practical use the organizing ability of tensorial 
methods will become more pressing. 

Examples of such pressing needs are the equivaleilt circuits of single 
and interconnected rotating machines. The computations of the 
performance of modern interconnected systems are so long and time- 
consuming that the aid of calculating machines, such as the a-c. net- 
work analyzer, must be resorted to. The establishment of equivalent 
circuits requires just the type of organized steps and physical pictures 
that the tensorial method of attack, presented in this book, supplies 
automatically. 

Other examples are the stability and hunting studies of engineering 
structures that are today in the foreground of attention because of the 
increased use of automatic control devices. It is well known that the 
conventional application of the Lagrangean equations to the study of 
small oscillations — as given in textbooks on dynamics or on electrical 
machinery — do not lead to tensor (invariant) equations. As a conse- 
quence the resulting equations do not give a complete physical picture 
(except in special cases) of what actually takes place in the system dur- 
ing small oscillations, even though the equations do give correct numer- 
ical answers. This lack of completeness shows up in any attempt to 
visualize the phenomena of hunting or in attempts to construct physical 
models.* 

To establish the invariant form of hunting equations and thereby to 
express the phenomena of small oscillations in terms of measurable and 
visualizable physical quantities, it is necessary to employ such advanced 
concepts of tensor analysis as the Riemann-Christoffel curvature ten- 
sor (discovered first by Riemann about a century ago). 

It is the avowed purpose of these volumes to introduce into the 
study of engineering structures only such concepts as physicists have 
developed for the study of the simplest unit of the structure. Every 
effort has been made at the same time to introduce only the absolute 
minimum of concepts into engineering and only those that form the 
very foundation of theoretical physics. The formulas and methods 

* Kron, “Equivalent Circuits for the Hunting of Electrical Machinery,” Trans. 
A.LE.E., 1942. 
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of attack proposed are based upon the conviction that the science of 
engineering differs from the science of physics only in : 

1. Using a larger number of variables. 

2. Employing greater variety of reference frames. 

3. Constructing more complex spaces. 

But the basic symbols used in both sciences are identical ; they must he 
identical by virtue of the very identity of the physical phenomena 
dealt with. 
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CHAPTER 1 


THE ALGEBRA OF iV-WAY MATRICES 
iV-WAY MATRICES 

The presentation of tensor analysis is facilitated by an acquaintance 
with the algebra of matrices. 

A set of quantities may be arranged in various dimensions and 
denoted by a single symbol. Such a set is a row 



1 matrix 


a rectangle, 


1 

3 

7 

0 

-2 

9 

5 

X 



cos a 

X 

23 

-lx 

y 



= 2 — matrix 


or a cube, Fig. 1.1. 

In general such multi-dimensional sets are called ^^w-way matrices” 
or “^-matrices” or briefly ^'matrices.” (A ''2-matrix” is often called a 


A» 




A= 
















Fig. 1.1. A cubic set. 


"matrix” when no misunderstanding may arise. A 1-matrix is also 
called a “linear matrix” or “column matrix.”) Each number is called 
an "element.” 

A single quantity like 5 or may be called a "0-matrix” (zero- 
dimensional matrix). 


T,A.N,^ Chapters I and IL 


3 
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The number of rows and columns and la)mrs may vary from one to 
infinity, depending on the problem. The theory of w-matrices with 
infinite number of rows will not be considered here. 

In print, matrices are denoted by bold-face letters as above or by 
brackets as A = [A]. In writing, matrices are usually represented by a 
bar over the letter. 

EXAMPLES OF N-WAY MATRICES 

Let a stationary network with four meshes be given. Then (Fig. 1.2) ; 



Fig. 1.2. A four- 
mesh network. 


1. The four mesh currents may be arranged in a 1-matrix and de- 
noted by one symbol as 


2. Similarly the impressed voltages around the meshes form a 1- 
matrix 

e = 

Each of the components may be d-c or a-c or instantaneous or a 
Heaviside unit function, etc. 

3. The self and mutual impedances of the meshes may be arranged 
as a 2-matrix 

where 

Zii = Rii -f Liip + 1/pCii + Lpd 

or 

^11 = ^11 + + Xv 

Each component may be a real or complex number or may contain the 
differential operator p == d/dt. 


Zii 

Zi 2 

Zl 3 

Zii 

Zn 

Z22 

Z23 

Z24 

Zzi 

Zs 2 

Z33 

Zzi 

Zii 

Z42 

Ziz 

Z44 
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4. The instantaneous power input, or stored magnetic energy, or 
electrostatic energy in the whole system, is a single number (or single 
function of time) and each is a 0-matrix. 


ADDITION OF AT-MATMCES 

iV-matrices may be manipulated as ordinary quantities with certain 
precautions. Only 0-, 1-, and 2-matrices, and their addition, multi- 
plication, and division, will be considered here. 


Only ^-matrices of the same dimensions and the same number of 
rows may be added. They are added by adding corresponding compo- 
nents. 



Multiplication of iV-Matrices 

i, 0-Matrix and n-MatrixaB, Any 7j-matrix is multiplied by a single 
number (0-matrix) by multiplying each element by the given number. 



2. Two 1-Matrices i*e. Multiply corresponding elements and add 
them. The product is a single number, a 0-matrix. The product is 
usually denoted by a dot. 



J. 2-Matrix and a 1-Matrix A*i. Draw a horizontal and a vertical 
arrow as shown, and multiply each row of the 2-matrix by the 1-matrix, 
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giving a single number. These single numbers are arranged in a 1- 
matrix in their proper order. 



4. 1-Matrix and a 2-Matrix i* A. Again draw first a horizontal, then 
a vertical arrow, and multiply as above. The result again is a 1-matrix. 



5. Two 2-Matrices A-B. Again draw first a horizontal, then a verti- 
cal arrow, and multiply each row of the first by each column of the second 
2-matrLx (as the arrow indicates). Each product is placed in the corre- 
sponding place of the resultant matrix as shown. 



DIVISION WITH iV-MATRICES 

An K-matrix can be divided only by a single number (0-matrix) and a 
square 2-matrix. 

L An '/7-niatrix is divided by a single number by dividing each of its 
elements by the number. 



2. Division by a 2-matrix Z is represented by a multiplication with 











INVERSE CALCULATION OF Z 


7 


its inverse Finding the inverse of Z is analogous to solving a set 
of simultaneous equations by Cramer’s rule. 

In order to find the inverse of a matrix Z, one first has to know how to 
find the {a) “determinant” of a matrix, {h) “minor” of an element of a 
matrix. 


{a) The determinant of 


The determinant of 


A 

B 

C 

D 


is AD — CB = a number 


1.8 


A 

B 

C 

D 

E 

F 

G 

H 

K 


is AEK + BFG + DHC 
- GEC - DBK - AHF 
= a number 1.9 


(b) The minor of an element is found by cancelling the row and 
column of the matrix passing through the element and calculating the 
determinant of the remaining matrix. For instance, the minor of B in 
the last matrix is DK — GF. 


Inverse Calculation of Z 

The inverse of Z is found in four steps : 

1. Interchange rows and columns (i.e., find Z<). 

2. Replace each element by its minor. 

3. Divide each element by the determinant of Z. 

4. Multiply the elements alternately by plus or minus 1 according 
to the scheme of Fig. 1.3. 


+ 

- 


- 

-h 

- 

+ 

- 



Fig. 1.3. 


As an example let the inverse of 


A 

B 

C 

D 

E 

F 

G 

H 

K 
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be calculated 

1. The transpose of Z is 


A 

D 

G 

B 

E 

H 

C 

F 

K 


2. The minor of each element is 


EK-FH 

BK-HC 

BF-EC 

DK-GF 

AK-GC 

AF-DC 

DH-GE 

AH-GB 

AE-DB 


3. Divide each element by 

Det = AEK + BFG + DHC - GEC - DBK - AHF 

4. Multiply each element alternately by plus or minus 1 


{EK-FID/Det 

{HC-BK)/D^t 

(Bi?-£C)/Det 

{GF-DK)/'Det 

{AK-GC)/E>^t 

pC-4F)/Det 

(T>H-CE)/Det 


(4E-T>B)/Det 


The fraction 1/Det may be written outside the matrix as a factor. 


IMPORTANT 2-MATRICES 

1. When the rows and columns of a matrix A are interchanged, the 
resultant matrix is called the '‘transposed” matrix and is denoted as 
At. For example, 



1 

2 

3 

4 

5 

6 


The transpose of a transposed matrix is the original 

{At)t = A 


1.12 








IMPORTANT 2-MATRICES 


9 


2. The ‘'unit matrix” has unity in its main diagonal and zero else- 
where. 


1 

0 

0 

0 

1 

0 

o 

0 

1 


Any matrix multiplied by 1 is unchanged. 


1-A = A-1 = A 


1.14 


The unit matrix is used in factoring. 

A + A-B = A-(l + B) 1.15 

3. The “zero matrix” has zero for all its components. 


0 

0 

0 

0 


Any matrix multiplied by 0 becomes zero. 

0-A = 0 


1.16 


1.17 


4. A “diagonal matrix” has components only along the main 
diagonal. 


Z = 


1.18 


5. A “symmetrical matrix” is symmetrical with respect to the main 
diagonal line. 


1 

4 

6 

4 

2 

5 

6 

5 

3 


1.19 
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For a symmetrical 2-matrix A 

A - 1.20 


6. A “skew-symmetric” matrix has components with opposite signs 
on the two sides of the main diagonal. 


0 

2 

3 

-2 

0 

4 

-3 

-4 

o 


1.21 


7. Any matrix A may be divided into the sum of a symmetrical 
matrix B and a skew-symmetric matrix C. That is, A = B + C, where 


— ^ 

2 


and 
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(a) The product of two 1-matrices e and i as e-i (a 0-matrix) is 
called a “linear form.” If i represents the mesh currents of a network 
and e the impressed voltages, then e*i = P is the “power input,” a 
linear form. 

The double product of a 1-matrix i and a 2-matrix L as i*L'i (a 

0- matrix) is called a “quadratic form.” If i represent the mesh cur- 
rents and L the self and mutual inductances of a network, then (34) 

1- L*i represents the instantaneous stored magnetic energy in the 
system. 

{b) One property of quadratic forms should be mentioned 



That is, the 2 -matrix of a quadratic form is always symmetrical (or rather 
the skew-symmetric part of L, namely (L — Li)/2, multiplied by i 
twice always gives zero). 


PROPERTIES OF THE INVERSE MATRIX 

1. Only a square matrix has an inverse. 

2. is also a square matrix. 

3. If Z is a symmetrical matrix, Z^^ is also symmetrical. 

4. If Z is a diagonal matrix, then Z”^ is also diagonal. 
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a 





h 





c 

. .. 





d 


Xj a 





Mb 





lie 





l/d 


5. The product 

Z-Z-^ = I and Z^^-Z = I 


1.24 


1.25 


Hence whether the inverse of a matrix has been correctly calculated 
can be easily checked by multiplying the inverse by the original in any 
order. The product must be the unit matrix. 

6. If the determinant of a square matrix is zero, then its inverse Z”^ 
does not exist. 2-Matrices whose inverses do not exist (being rectangular 
or having zero determinant) are called ^'singular'' matrices. 


ORDER OF MATRICES 

1. In general, the order of ;z-matrices cannot be disturbed. For 
instance 

A*B 7 ^ B*A or (A*i)-B A*B*i 1.26 

Exceptions are: 

{a) If e and i are 1-matrices, then 

e*i = i-e 1.27 


Qi) If A is a 2-matrix and i is a 1-matrix, then 

A-i = i-kt 1.28 


2. When three 2-matrices are to be multiplied together, as A*B*C, 
then the multiplication may be performed in any succession as: 

(а) First A -B, then (A*B)'C. 

(б) First B-C, then A-(B-C). 

But the order cannot be interchanged. That is, under (6), B •€ should 
not be multiplied by A in the wrong order (B*C) - A. 

3. If A, B, and C are 2-matrices, then 


(A.B.C)i = CrBrAi 
(A-B-C)-^ = 


1.29 


Note that the order is reversed. 
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MANIPULATION OF MATRIC EQUATIONS 


An equation in which each symbol is an w-matrix is called a ^‘matric 
equation.” Each term in a matric equation has the same dimensions. 
For instance, 

1. Each term is a 0- matrix (a '‘form”): 

(a) Equation of power, P = ed. 

(b) Equation of energy, T = §i*L'i. 

2. Each term is a 1-matrix. 


{a) Equation of voltage, e = R-i + L'^i + (S/^)*i. 
{h) Equation of current, i = Y*e. 

3. Each term is a 2-matrix. 


(а) Short-circuit impedance, Z\ = Zi — Z2*Z4^*Z3. 

(б) Law of transformation, Z' = CrZ*C. 


In a matric equation, only a 2 -matrix {or products of n-matrices forming 
a 2 -matrix) can he transferred to the other side of the equation by multi- 
plying both sides by the inverse matrix. For example, let 


e — Zi*ii + Z2'i2 1.30 

To solve for ig, multiply each term by ZJ^ (It is assumed that the 
inverse of Z2 exists.) 


But 

Hence 

or 


Z2 ^ — Z2 ^ •Zi 'll -f- Z2 ^ •Z 2 *i 2 

^2 *^2 ~ ^ and I*i2 “ I2 
Z2 ^ *6 = ^2 + 12 

I 2 — Z2^*[e — Zi*ii] 


1.31 


Otherwise matric equations are manipulated in exactly the same manner 
as ordinary equations. Only the order of symbols should not be dis- 
turbed. 


EXERCISES 
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EXERCISES 
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Find: 

1. e -h i. 5. At. 

2. e-i. 6. A-Bt. 

3. e-A. 7. 

4. e-A-i. 8. 

9. Given two matric equations with two unknowns ii and 12 

ei = Zi'ii + Z2*i2 

62 = Za'ii “F Z4»i2 

Solve them for ii. 

10. Given three matric equations with three unknowns ii, i2, and is. 

ei = Zi'ii + Z2*i2 + Zs-is 

62 — Z4*ii 4" Z5»i2 -f* Ze'is 

63 = Zyii 4“ Z8*i2 4” Zg'is 

Eliminate is from the third equation so as to leave only two equations with the two 
unknowns ii and i2. 




CHAPTER 2 


COMPOUND n-MATRICES* 

PARTITION OF MATRICES 

(a) Any w-matrix can be subdivided into several smaller parts, each 
part forming a similar w-matrix. 



Matrices in which each element itself is a matrix are called ^‘com- 
pound matrices.” They are added, multiplied, etc., as ordinary ma- 
trices with certain precautions. 

(b) In taking the transpose of a compound 2-matrix, the transpose of 
each element is also taken. 



(c) When two ^-matrices with a large number of rows and columns 
are to be multiplied, they are first divided into compound matrices and 
only the latter are multiplied together. Afterward the component ma- 
trices are multiplied as indicated. E.g., in the above example 



* T.A,N., Chapters IX and X. 


14 




ELIMINATION OF PERMANENTLY SHORT-CIRCUITED MESHES 15 
where 



ELIMINATION OF PERMANENTLY SHORT-CIRCUITED MESHES* 

(a) In engineering work rarely are as many equations written down 
as there are variables in the problem. For instance, in electrical net- 
work or machinery problems, the equations of permanently short- 
circuited meshes are left out and only the active mesh equations are 
handled. The question now arises how to eliminate superfluous varia- 
bles from a set of linear equations. (Or, speaking physically, how to 
eliminate certain meshes. These meshes may or may not contain im- 
pressed voltages.) 

Mathematically, the problem may also be formulated : How may a 
large number of variables be eliminated at one step from a set of linear 
equations instead of one variable being eliminated at a time? 

(b) Let the n linear equation, say e = Z*i, be divided into two sets of 
equations in any arbitrary manner. 



p. 76. 


e = ei + 62 
i = ii + i2 

z =21+2^2+^3 + 24 


2.4 
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COMPOUND w-MATRICES 


where 62 indicates the impressed voltages and i2 the currents in the 
meshes to be eliminated. 

As shown in the previous example, the single equation e = Z*i may 
then be replaced by two equations 

d = Zi*ii +• Z2*i2 2.5 

02 == Za’ii + Z4*i2 2.6 

{c) Let i2 be eliminated from the second equation. That is, let a set 
of variables be eliminated. The procedure is exactly the same as if two 
scalar equations were solved for the two unknowns. 

Z4. *12 = 62 Za'ii 

I 2 “ 2Il4^*(®2 2^3 *ti) 2.7 

Substituting i2 into the first equation 

Cl = Zi*ii + Z2*Z4^'(e2 Zadi) 

Cl = Zi*ii + Z2'Z4^*e2 — Z2*Z4 ^‘ZsTi 
ei = Z2*ZJ’^«e2 + (Zi — Z2*Z4 ^’Za)'!! 

Therefore 

61 — Z 2 *Z 4 ^*e 2 ” (2^1 — 2f2*Z4 ^ 'Za) 'ii 2.8 

This is an equation of the form e' = Z'*ii but it contains less rows 
than the original set. The new Z' of the reduced network is 


Z' = Zi - Zs-ZrLZs 


2.9 


(this may be called the ‘"short-circuit” matrix) and its new impressed 
voltage is 


e' = (ei — Z2*Z4 ^*62) 


2.10 


{d) Solving for ii 




= 


e' 


2.11 


That is, the set of currents ii is calculated by finding first the inverse 
of only one matrix Z4 having less rows and columns than the original 
matrix, then after several multiplications the inverse of another matrix 
is found having as many rows and columns as Zi. 




SOLVING A SET OF LINEAR EQUATIONS IN TWO STEPS 17 


If ii is already known, the value of the eliminated currents {2 is found 
from equation 2.7: 

i2 = Z4^-(e2 — Z3*ii) 2.12 

(e) In many cases 02 = 0 (that is, the eliminated meshes contain no 
impressed voltages). Then equations 2.11 and 2.12 are simplified to 

ii = 2.13 

ig = ”-Z4^*Z3«ii 2.14 

(/) If the new set of equations e' == Z'-i^ contains several variables, 
it can again be subdivided into two sets of equations and the above 
process repeated. 

The calculation of inverse matrices is entirely avoided if one variable 
at a time is eliminated. This step is equivalent to the usual star-mesh 
transformation that eliminates the meshes one at a time."^ 

SOLVING A SET OF LINEAR EQUATIONS IN TWO STEPS 

(a) Given five equations with five unknowns. 

10 = ia + 2% — Sic + 4fd + 5if 

9 = 2ia + 4^*5 + Sic + ““ V 

8 = Sia + 4:% + Sic + 2id + Sif 2.15 

7 = “fa + 2% — 4ic — Sifi + Si/ 

6 = Sia Hh ib — ^ic “4" Sid "h 2i/ 


If the five equations are written as e = Z-i, then 
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COMPOUND tz-MATRICES 


The problem is to solve for the five unknowns i. Three of the un- 
knowns ic, idi if can be eliminated in one step by separating the 
first two from the last three components so that 



2.17 


2.18 


{b) If the last three rows and columns are eliminated, the remaining 
matrix (having two rows and columns) is 










EXERCISES 
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Since 22*^4 ^ was already calculated 



2.21 


2.22 


2.23 


2.24 


{d) Hence, the remaining two equations with two unknowns are 



which can be solved for ii as ii = Z' 

The eliminated currents are found by 12 = ZJ" Zs-ii). 


EXERCISES 



Find the products Zi*Z2; Z2'Zi; ZirZa; ZfZm where 



2.27 


2.28 




















CHAPTER 3 


TRANSFORMATION THEORY* 


The Primitive Network 

(a) Let the network of Fig. 3.1 be given having four coils and three 
meshes. (In going around a mesh, if two coils are connected 1-2, 1-2, 
then their fluxes are in the same direction; 
when connected as 1-2, 2-1, their fluxes oppose 
each other.) 

The impedance of each coil may be ex- 
pressed as R + jX or a.s R + Lp + 1/pC or 
in other forms. The coils may be parts of a 
rotating machine or of a vacuum tube, etc. Fig. 3.1. Given network. 
Here they are all called ‘‘coils.’’ 

The problem is to establish their equations of performance e — Z*i 
consisting of three linear equations. 

(&) The method of tensor analysis states: 

1. Don’t try to set up immediately the three matrices e, Z, and i 
of this network. 

2. First set up e, Z, and i of another network whose analysis is 
much simpler. 



This other network is found by removing all interconnections be- 

tween the coils and short-circuiting 
each, as shown in Fig. 3.2. This is 
i i ^^2 I ^^2 I ^*2 I ^ 2 “primitive network.” 

An impressed voltage in a branch 
L@J L^J L^J L0J L^j with zero impedance is also assumed 
00 65 00 e^j ef to have an impedance Z^d whose value. 

Fig. 3.2. The primitive network however, is zero. Similarly, a coil with 
of Fig. 3.1. impedance Z^b is also assumed to have 

an impressed voltage Cb in series with it, 
whose value, however, is zero. (The arrows show which coils have 
mutual impedances and in which direction. It should be noted that 
Zbf and Zca are zero.) 

* T.A.N., Chapter IV; A.T.E.M., Part 11: G.E.R.. Mav. 


Fig. 3.2. The primitive network 
of Fig. 3.1. 
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TRANSFORMATION THEORY 


(c) For the primitive network e, Z, and i are established by simple 

inspection, as 


a 

b 

c 

d 

f 




Bd 

□ 

a 

b 

c 

d 

f 








a 

b 

c 

d 

f 

a 

Z(ia 


Zac 



b 


Zhb 




Z = c 



Zee 

j 


d 






f 


Zfh 



Zff 


3.1 


All zeros are left out. 

In order not to cause confusion, each row and column has an index 
alongside referring to a particular coil. This index may also be con- 
sidered a unit vector. 

The equation of performance of the primitive network is e = Z*i, 
representing as many linear equations as there are coils. If needed, the 
equations may be solved for the currents as i = 


The Transformation Matrix 

The next problem is to establish some relation between the given 
network and the primitive network. 

1. Assume as many currents in the given networks as there are 



Fig. 3.3. New variables. 



meshes, Fig. 3.3. These currents may be assumed anywhere as long as 
they are independent of each other. 

2. Express the currents flowing in every coil in terms of these new 
currents with the aid of Kirchhoff’s laws (Fig. 3.4). 

3. If the primitive network, Fig. 3.2, is compared with this last net- 
work, Fig. 3.4, each coil now has two different expressions for the cur- 
rents flowing in it. 






EQUATIONS OF THE GIVEN NETWORK 
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Equate the old expressions with the new expressions for each coil sepa- 
rately by inspecting the two diagrams. 


Zaa 

= 

i’’ 

- *•« 

= - i^ 

+ 


Zbh 

= 


- i" 

+ + i^ 

- 


Zee 

ic ^ 



= ^ i^ 



Zdd 

= 






Zff 

= 



== 

+ 



(For each coil the current is written from 1 to 2.) 

4. This set of linear equations may be written (analogously to 
e = Z*i) as i = C-i', where the components of C are found by taking 
the coefficients of the new currents 



p q r 


a 


-1 

1 

b 

1 

1 


C = c 


-1 


d 

1 



f 



1 


This C is called the “connection matrix'' since it shows how the coils 
are connected together. Or C represents the relations between the 
currents (the old variables) of the primitive network and the currents 
(the new variables) of the given network. 

Equations of the Given Network 

The equation of the new network e' = Z'*i' contains exactly the 
same w-matrices in exactly the same order as the equation of the primi- 
tive network e = Z*i except that they now have different components. 

C being known, it is possible to find Z' and e' of the given network 
from Z and e (i' is known already) by the following formulas (proof to 
follow) 


Z' = CfZ-C 

3.4 

11 

p 

3.5 
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TRANSFORMATION THEORY 


Performing the multiplications, the impedance matrix is 




The impressed voltage matrix is 



Hence the equations of performance of the network, Fig. 1, are by 
e' = Z'-i' 

ed = Zbbi^ -f Zbbi^ + (-^66)^'- 

— ec = Zbbi^ + {Zaa + Zbb + Zee "f" Za^i^ -}- (“-2^66 “ Zaa)i^ 3.9 

0 = {Zfb ““ Zbb)i^ "I" {Zfb Zbb Zaa — Za^i^ (2// -j- Zaa "f* Zbb “ Zfb)i^ 

Solutions for Currents and Differences of Potential 

Once the equations e' == Z'-i' have been established, they may be 
subjected to all types of manipulations, usually involving compound 
matrices. For instance, some of the currents (or their corresponding 
meshes) may be permanently eliminated by Z' = Zi — Z2-ZT^*Z3; 
or the conditions that the various impedances must satisfy in order that 
some of the currents should remain constant irrespective of how the 
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loads vary may be investigated. The examples might be continued 
indefinitely. 

The equations can be solved for the currents as 

i' == Z'-i-e' = Y'.e' 3.10 

by finding the inverse of Z' and multiplying it by e'. 

Once the currents i' have been found, then: 

1. The differences of potential existing across each coil are found 

by 

e^-Z-C-i' 3.11 

where Z*C already has been calculated in finding Z' by 

2. The currents ic flowing in each coil are found by 

ic = C-i' 3.12 

PERMANENCE OF THE METHOD OF REASONING 

Of course, in simple problems the ordinary method of analysis is 
faster than the method shown. The value of the method comes into 
increasing prominence when : 

1. The network becomes more complex. 

2. The number of mutual impedances increases. 

3. The mutual impedances are asymmetrical. 

4. In place of the usual self and mutual impedances, artificial types 
of constants are used, such as “bucking"’ impedances or “positive-, 
negative-, and zero-sequence” impedances. 

5. In place of the actual currents hypothetical currents are used 
such as “symmetrical components” and “load currents.” 

6. The equation of performance is more complicated than e = Z -L 

7. The reference axes are not stationary but move or rotate. 

8. The system is not a stationary network but a rotating machine. 

9. In place of circuit problems, field problems are analyzed. 

10. The system is not an electrical but a mechanical, optical, elas- 
tic, or some other system. 

In all such cases the steps shown remain unchanged, and they still give 
the correct answer automatically, as will be shown subsequently. With 
ordinary methods of analysis, for each different type of problem a new 
“trick” has to be invented, each of the tricks requiring sometimes years 
to learn (and days to forget). 

That is, the method of tensors in general does not save time in getting 
a numerical answer to a particular problem if the problem is attacked 
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by a specialist. It does save time, however, by avoiding the necessity 
of inventing a new trick for each new type of problem. 

Of course, as the complexity of the system increases, the above steps 
have to be correspondingly enlarged. But the given steps still remain the 
nucleus of the method of attack. 


EXERCISES 

1. Find C and Z' of the networks of Fig. 3.5. 

2. Given the bridge network of Fig. 3.6 with mutuals between Zaa-Z^h and Zdd-Zff. 
Find the currents and differences of potential in each coil. 




3. Let Z of the primitive network of the rotating machine of Fig. 3.7 be 
a b c 


Ta + LaP 

MiPd 

^2p 4“ MzpB 


Tb 4- Lhp 

M^p 4“ M^pd 

M^P 

Mip 

U 4- Lcp 


Find C and CiZ*C. Write out the two differential equations of the machine. 




4. Find C and Z' of the cube of impedances forming Fig. 3.8. What is the imped- 
ance between points ^ and B if each side of the cube is formed by a 1-ohm resistance? 




CHAPTER 4 


DIFFERENT TYPES OF TRANSFORMATIONS* 

Change of Variables 

The interconnection of coils is only one of an infinite variety of prob- 
lems which require the establishment of C, that is, which can be treated 
as a problem in “transformation of the variables 
i.” Another such problem occurs where the inter- 
connection of coils remains undisturbed but a new 
set of currents is introduced. (Other examples 
will follow.) 

Let it be assumed that, in Fig. 3.4 (shown 
again as Fig. 4.1a), the currents and / are 

replaced for some reason by another set of three 
currents and as shown in Fig. 4.1&. The 

problem now is to establish the corresponding C. 

With the aid of this C then the e' and Z' of the 
circuit of Fig. 4.1a can be changed to e" and Z" 
of Fig. 4.1c by the previous formulas. 

The steps are exactly the same as before except 
that now Fig. 4.1a forms the “primitive’’ network 
instead of Fig. 3.2. (c) New currents in 

1. Express the currents flowing in each coil in each coil, 

terms of the new currents, as shown in Fig. 4.1c. piQ, 4 p Change of 

2. Equate the old expression for current in variables. 

Fig. 4.1a with the new expression in Fig. 4.1c. 

However, since the “primitive” network, Fig. 4.1a, has only three 
variables, it is now sufficient to equate the expressions in three of the coils 
only as 


k m n 



* r.4.iV., Chapters V and VI. 
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DIFFERENT TYPES OF TRANSFORMATIONS 


The coefficients of the new currents form the transformation matrix 
C. The remaining work of finding e" and Z" is purely automatic. If, 
instead of actual branch currents, hypothetical mesh currents (flowing 
in a closed mesh) are assumed, the analysis is the same. 

Interconnection of Networks 

When a complex system consisting of, say, several rotating machines 
and networks is to be analyzed, it is not necessary to subdivide the 
whole system into individual coils. It is sufficient to subdivide it into 



(a) The primitive system. 



(Jb) Interconnected system. 



Fig. 4.2, Interconnection of networks. 


several component parts, each consisting of a rotating machine or a net- 
work, analyze each separately (if their Z has not yet been found), then 
interconnect them into the resultant system. 

In many cases the Z matrix of all or most component parts has already 
been calculated on previous occasions, and that work need not he repeated. 
It is this preservation of previous results for later use in new combina- 
tions that is one of the advantages of the tensorial method of attack. 

Let, for instance, the two networks of Fig. 4:.2a be interconnected as 
shown in Fig. 4.25. 






THE PRIMITIVE SYSTEM 
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The Primitive System 

Before interconnection Z, e, and i of both systems have been calcu- 
lated previously as 



where Zkm 9^ Zmk- 

When the two networks are placed side by side as in Fig. 4.2a they 
form a “primitive system” whose e, Z, and i matrices (analogously to a 
primitive system of two coils with no mutuals between them) are 




(In the right-hand column the use of compound matrices is illus- 
trated. In terms of compound matrices, the analysis of the two net- 
works is analogous to that of two coils in series.) 
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The TraEsformation Matrix 

(a) The C matrix is established in exactly the same manner as pre- 
viously. 

1. Assume as many new currents in Fig. 4.2b as there are meshes, 

namely five, , and 

2. Express the currents flowing in each coil in terms of these five cur- 
rents as shown in Fig. 4.2c. 

3. Equate the old expressions for currents in Fig. 4.2a with the new 
expressions in Fig, 4.2c. Since there are only six old currents in Fig. 
4.2a, only for their six coils are such equations set up. Hence 


a b c d f 



The coefficients of the new currents form the C matrix, and CrZ*C 
gives the impedance matrix of the resultant network, etc. 

(6) The multiplication may be performed quickly if compound ma- 
trices are used. For instance 



The indicated multiplications and additions are now to be per- 
formed. 


EXERCISES 


1. Find C changing the variables from Fig. 4.3a to Fig. i.Sb. 

2. Find C changing the actual branch currents of Fig, 4,4a to the hypothetical 
mesh currents of Fig. 4.4&. 





EXERCISES 


3J 



(6) Scherbius 
machine. 
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DIFFERENT TYPES OF TRANSFORIVIATIONS 



where p = d/dt, 1 = Heaviside unit function, and pd == velocity of rotor. 

If the three systems are interconnected as shown in Fig. 4.7, what are its transient 
Z' and e'? 

5. If the impedance tensor of the triade tube of Fig. 4.8 is* 



what is the Z' of the degenerative feedback amplifier of Fig. 4.9? 



T,A,N„ Chapter XV. 


Fig. 4.9. 






CHAPTER 5 


REACTANCE CALCULATION OF ARMATURE WINDINGS* 
Types of Reactances 

An a-c. armature winding has several types of reactances such as 

1. Total air-gap reactance due to all the fluxes produced by the 
winding. 

2. Fundamental reactance due to sinusoidal part of the total flux. 

3. Differential-leakage reactance due to the difference of the above 
two fluxes. 

4. Harmonic reactance due to any of the space harmonic fluxes, such 
as third, fifth, eleventh, etc., harmonics. 

With standard methods the calculation of each of the above react- 
ances is time-consuming, and for irregular windings it is prohibitive. 
To find the fundamental reactance a Fourier analysis of the flux wave is 
required, for the total air-gap reactance a summation process, a differ- 
ent one for each type of winding, and so on. The tensorial method of 
attack makes a clean sweep of all these difficulties, no matter how irreg- 
ular the winding, as long as the air gap is assumed to be uniform. 

The Primitive Winding 

The steps are exactly the same as for any network: 

1. Remove all interconnections between the coils, leaving the “primi- 
tive” winding consisting of a large number of isolated coils. Each coil 
may embrace any number of slots and may have any number of turns. 
The slots may be unevenly spaced. 

2. Calculate the self and mutual reactances of the individtuil coils by 
the formulas given in Table I. 

With standard windings, equidistant coils have the same mutual in- 
ductances; hence usually half the reactances repeat themselves. For 
instance, for a six-coil winding the reactances between winding 1 and 
the other five coils are shown in Fig. 5.1a. 

The reactances of winding 2 vdth the other windings are the same, 
except that they are shifted by one element, as shown in Fig. 5.1^. 


* T.A.N., Chapter XII. 
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REACTANCE CALCULATION OF ARMATURE WINDINGS 
TABLE I 

Mutual-Reactance Formulas of Two Arbitrary Coils 


TOTAL AIR-SAP REACTANCE 


a 




COILS OUTSIDE 
Xqp* -Kag> ohms 


(2n-<^]>r>_ ^ 



’ Hr 

zrr 

COILS COUPLED 

Xaa* -K[aa-n(a+p-2T)j ohms 

qi§ > V > 

= r = 



u — a — 

rrf— 

_2Tr 



COILS INSIDE 

XTqq » -H(a 0 - 2 n&) ohms 


*, a >0 



-2rt 

i SELF- reactance 


SINUSOIDAL REACTANCES 


2rr 

a 

n-TH HARMONIC MUTUAL 

1 

1 y_ 


Xap“ n»*'” josin ^0 cosnY ohms 




n-TH HARMONIC SELF 

Xaa * nz { 2 ohms 


|K-(2nf)o.2NaN0L I I lO'® 

I 


0.0 s Span of coils in olectricat 
radians 

y s Radians between centers of 
cons 


Nq^n^sNo of turns in coils 
p*No. of 2Tt along armature 
f “Fregueneg of current 


R = Radius of armature 

Cfc a Length of airgap 

L= Length of stacking in cm. 






>3 


y 

4 
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Fig. 5.1c. Mu- 
tuals between 
winding one and 
others. 


I 



y 


4 

I23456 

g |~b[ o|b| cl d| cl 


Fig. 5.1&. Mu- 
tuals between 
winding two and 
others. 
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Hence, the reactance matrix Z of the primitive network with six coils 


1 

2 

3 

4 

5 

6 

a 

b 

c 

d 

c 

b 

b 

a 

b 

c 

d 

c 

c 

b 
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b 

c 

d 

d 

c 

b 

a 

b 

c 

c 

d 

c 

b 

a 

b 

b 

c 

d 

c 

b 

a 


The manner of repetition of the first row should be noted. 

With a large number of coils, say 72, it is necessary to express Z as a 
compound matrix for easier manipulation. Even in terms of compound 
matrices the same pattern repeats. 


a 

b 

c 

d 

c 

b 

b 

a 

b 

c 

d 

c 

c 

b 

a 

b 

c 

d 

d 

c 

b 

a 

b 

c 

c 

d 

c 

b 

a 

b 

b 

c 

d 

c 

b 

a 


A 

B 

Bt 


A 

B 

B 

Bt 

A 


5.2 


Note the appearance of transposed matrices. 

(In calculating individual reactances, it is customary to assume the 
reactance of a single full-pitch coil as unity and express the reactance of 
all others in terms of that.) 

The Transformatioii Matrix 

Since the coils are practically always connected in series only (to 
form, say, three phases), there are as many new variables as there are 
windings. The C matrix can be established by simple inspection with- 
out writing down the set of current equations i = C*i'. For instance, 
for the capacitor motor winding with sixteen coils (Fig. 5.2) where the 
pitch of each coil is different, C is 

The reactance Z' of the resultant winding is found by the formula 

Z' = CrZ-C 5.3 
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I JL 




-c‘ 

-c' 



C' 

C‘ 



Fig. 5.2. Capacitor motor winding and its connection matrix. 


giving the self and mutual reactances of the various windings. It 
should be calculated with the aid of compound matrices. 


Labor-Saving Devices 

Because of the simplicity of the connections, numerous labor-saving 
devices may be used. For instance: 

1. The resultant Z' should be found in several steps instead of one, 
namely: {a) first interconnect only neighboring coils by Ci; (&) then 
interconnect them into phases by C 2 ; {c) in case of double windings, the 
phases may be interconnected in various manners. For them establish 
a separate C 3 . 

2. The neighboring coils may be interconnected without going 
through the process of CrZ-C as follows. 

If Z is subdivided into compound matrices as suggested by the neigh- 
boring coils, then the new Z' is found by simply adding up the elements 



I 2 21 jsr 


Fig. 5.3. Interconnect- 
ing neighboring coils 
only. 

of each compound matrix. For instance, in the case of eight coils, let 
two neighboring coils be interconnected as shown in Fig. 5.3. 




EXERCISES 


1 
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4 
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7 
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a 
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c 
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c 
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c 
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b 

a 
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c 

d 

d 

e 

d 

c 

b 
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I 
II 
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m 

IV 

A 2a + 2b 

3 — 2c -{- b A" d 

C 2e + 2d 
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B 
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C 

B 

A 


5.4 


After the neighboring coils only have been interconnected, the new 
Z' has half the number of rows as before. The new components are 
found by adding all the elements within a block. Note that the pattern 
in Z' still repeats. 

After this step, the coils may be interconnected into phases by a C. 


EXERCISES 


1. Find C for the double winding for a turboalternator with 42 coils, Fig. 5.4, and 
express it as a compound tensor. 

42 4140393837363534333231 30292827 2625242322 212019 18 17 16 1514 13 12 II 10 98 76 543E1 
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Fig. 5.4. 


2. When the resultant Z' of the above six windings are 



I 

11 

m IV 

V 

VI 

I 

a 

b 

c 

d 

d 

c 

n 

b 

a 

h 

c 

d 

d 

z' - m 

c 

b 

a 

b 

c 

d 

IV 

d 

c 

b 

a 

b 

c 

V 

d 

\ ^ 

c 

b 

a 

b 

VI 

c 

d 

d 

c 

b 

a 







38 REACTANCE CALCULATION OF ARMATURE WINDINGS 


find the self and mutual impedances if they are connected “three-phase through’' as 
shown in Fig. 5.5. 



Fig. 5.5. 



CHAPTER 6 


THE LAWS OF TRANSFORMATION* 

Definition of a ‘‘Tensor” 

(a) When a network with n meshes is given, instead of saying that 
the network has 7i currents, and n voltages, ^a, • • • Cny 

and impedances, Zaai ^ab * * * ^a«, it is said that the network has only 
one current i, one voltage e, and one impedance Z, while the individual 
currents, voltages, and impedances are simply elements of the matrices 
i, e, and Z. 

Suppose that instead of 07te n-mesh network, there are a large number 
of 7 z-mesh networks, each containing the same coils but interconnected 
in a different manner. With each network there is associated at least 
one i, e, and Z matrix (with each network there are actually associated 
a large number of i, e, and Z matrices, depending upon where the cur- 
rents are assumed to flow). 

Now instead of saying that there are as many current-matrices i', 
i", V" • • • as there are networks, it is said that there exists only one 
physical entity, a current vector i, whose projections along the various 
reference frames are the various 1-matrices. 

(&) This figure of speech is analogous to the statement that the 
velocity vector v of a point is the 1-matrix 


v' = 

2 

3 

4 

along one reference frame, a different matrix 

v" = 

1.5 

2.5 



along another frame. Even though the projections vary with the 
reference frame assumed, the entity v itself is unchanged. 

The key to this definition is the fact that it is possible to find the com- 
ponents of V {or i) in any refere^ice frame from the components on another 
frame with the aid of a group of transformation matrices C by a definite 
formula. 

* TA.N,, Chapter VII. 

^0 
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If the group of C is not available, the different ^-matrices cannot be 
changed into each other, are independent from each other, and hence 
do not form the projections of a single physical entity. A similar state- 
ment applies to all e and Z matrices. 

Hence a collection of n-way matrices forms a physical entity, a tensor 
of valence w” if with the aid of a group of transformation matrices C they 
can he changed into one another, 

(c) A “tensor of valence 1” like e and i (represented on each refer- 
ence frame by a 1-matrix) is called a “vector.’' A “tensor of valence 0” 
like power (P) and energy (T) is called a “scalar.” Tensors of other 
valence have no special names. Z is then a “tensor of valence 2,” the 
so-called “impedance tensor.” 

(d) A tensor is transformed with the aid of as many C (or or 

or Cr^) as its valence. Hence e and i require one C, Z requires two 
C’s, P requires no C’s. Because of this “chemical” property of a tensor 
of attracting a different number of C’s, the expression “tensor of 
valence w” originated. Many writers, though, still call it “tensor of 
rank nP 

It lb C'.ten said that a tensor is a matrix with a definite law of trans- 
formation, Actually a tensor is a physical entity, and its projections 
are the w-way matrices. A tensor differs from a matrix in the same 
manner as a vector of conventional vector analysis differs from a com- 
plex number 2 + Zf, 

Why “Tensors”? 

[a) The question now arises: Why is it necessary to say that the 
e, i, Z, etc., matrices of all systems with n coils are only different 
aspects of the physical entities e, i, Z? What is the advantage of this 
figure of speech from a practical point of view? 

When it is said that the matrices of a particular system are tensors, 
it automatically follows that all equations associated with this system are 
exactly the same in terms of tensors as the equations of a group of physically 
analogous systems. If the equation of voltage of one system has been 
found to be, say, e = + L'^i + (l/;^C)-i, then if the symbols are 

tensors, it automatically follows that the equations of voltage of every 
other physically analogous system is exactly the same. If the equation 
of torque of one system has been found to be/ == then for every 

other analogous system the same equation of torque holds true auto- 
matically. (Of course, for every system the components of the tensors 
are different.) On the other hand, if the symbols in the equation of 
f — i*G*i are matrices (that is, if they have not been proved to be 
tensors), then this equation is not valid for any other system except for the 


WHY “TENSORS’7 
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one for which it has been established and every particular system may 
have an entirely different equation of torque in terms of matrices. 

{b) What if the equations of a large number of different systems are 
identical in terms of tensors? Does that fact contribute to simplify the 
analysis of the large variety of engineering structures? 

Yes, it does; and it is just this resulting simplification that underlies 
the method of reasoning of this treatise. It is advocated here that: 

1. Since the equations in terms of tensors are the same for a large 
number of physically analogous systems, it seems logical that only one 
of them need be analyzed in detail. Hence select one system whose 
analysis is simple and establish all the tensors of this system (the ‘^primi- 
tive” system) and the desired equation of performance in terms of 
tensors. 

2. To find the tensors of any particular system it is then only neces- 
sary to find the particular transformation matrix C (one aspect of the 
“transformation tensor” C) that differentiates the given system from 
the primitive system. 

3. Once C is found, the tensors of the given system can be estab- 
lished by routine laws of transformation. 

4. When the components of the tensors of the given system have 
been found, the sought equation of performance is a copy of that of the 
primitive system. 

(r) Of course it is possible to go through the above steps without 
mentioning the word “tensor,” just talking about the “Z matrix of 
the old system” and “Z matrix of the new system,” the “transforma- 
tion matrix C’’ and the “law of transformation of Z,” etc. Neverthe- 
less, the method of reasoning is that of tensor analysis, whether it is so 
stated or not. A matrix has no inherent law of transformation; a tensor 
has such a law. 

Behind the above reasoning looms the all-important question: What 
is meant by “physically analogous systems” that have the same equa- 
tions of performance? That is, what systems have a common C 
tensor? This question brings into the foreground the concept of group 
that was treated in “Tensor Analysis of Networks,” Chapter XL 

(d) The above-mentioned problem of establishing equations of per- 
formance in a simple manner is only one of the numerous examples that 
show the utility of tensorial concepts. Since mathematical symbols 
cannot be measured by instruments, only physical entities, the ques- 
tion of what mathematical symbols in the equations do or do not cor- 
respond to measurable quantities underlies the foundations of all 
physical sciences. The word “tensor” is just another expression for 
“measurable physical entity,” and tensor analysis changes the symbols 
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of a lifeless mathematical equation into living entities. Its concepts 
and philosophy show, for instance, how to establish stationary equiva- 
lent networks that duplicate in some manner the performance of rotat- 
ing machinery, thereby allowing otherwise difficult measurements to 
be made conveniently on a stationary network. The general criterion 
of whether an equation contains only measurable concepts is implied in 
the basic principle of physics (the so-called first principle of relativity) 
stating that all laws of nature are tensor equations, that is, equations in 
which each symbol is a tensor. 


The Law of Transformation of e 


The law of transformation of the voltage vector e may be found from 
the physical fact that in going from one reference frame to another the 
instantaneous power input e*i {a linear form) remains unchanged, or 
''invariants That is 

P - P' or e*i = e'*i' 6.1 


This relation is the physical link that connects all networks together. 
Now let the currents change from i to i' by 


Substituting, 
Cancelling i' 
Hence 

and 


i = C-i' 

e-C-i' = e'.i' 
e-C = e' 

e' = Cre 


e = Cr^-e' 


6.2 


6.3 

6.4 


It should be noted that, even though both e and i are vectors, they 
^e transformed to a new reference frame in a different manner. But 
both being tensors of valence 1, they require C once only. 


The Law of Transformation of Z 

Tensor analysis requires that if the equation of a system in one refer- 
ence frame has the form e = Z-i it should have the same form in every 
other frame. This property will give the law of transformation of Z. 
In the old reference frame let 
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Express i and e along the new reference frame. That is, replace i by 
C*i' and e by 

cr^-e' = Z-C-i' 

Multiplying both sides by 

e' = CrZ-Cd' 

If the following definition is introduced as the law of transformation 
of Z 

6.6 

then the equation in the new reference frame becomes 

6.7 

The equation of the new system is of the same form as that of the old 
system, equation 6.5. 

The inverse of Z, namely Z”"^, may be denoted by a separate symbol 
Y so that i = Z~^*e — y*e. It is called the ^‘admittance tensor.'’ 
Its law of transformation is (derived analogously to that of Z) 

Y' = C“~i.Y-Cr^ 6.8 

The Transformation Tensor C 

The collection of all possible transformation matrices, called the 
“transformation tensor C,” is the key to tensor analysis. It is a tensor 
of valence 2. (Its law of transformation will be derived presently.) 
C represents the relation between the old and the new reference frames. 
Because of that fact C differs from Z in the respect that, while on both 
sides of Z the same reference axes are written (either both are the old 
or both the new axes), on the left-hand side of C are always written 
the old axes, on its upper part the new axes. 

When coils, beams, wheels, etc., are connected into an engineering 
structure, the constrained reference axes are ignored; hence in most 
problems C is not square, but rectangular. A study of the missing 
axes (the “dual" axes) is undertaken in T.A.N., Chapters XIV and 
XVI. 

When C is not square (or it is square but its determinant is zero) , its 
inverse cannot be found. Then C is singular and the corresponding 
transformation is called “singular" transformation. All laws of trans- 
formation that do not require remain valid, however. 
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The ‘‘Group” Property* 

If the variables have been changed from i to i' by Ci, then from i' to 
i'' by C2, then again from i" to i'" by C3, etc., the successive transfor- 
mations may be performed in one step with the aid of one transfor- 
mation tensor 

C = Ci*C2‘C3 • • • 6.9 

This important property of C is called the ‘‘group property.” Prac- 
tically all engineering problems consist of two or more successive 
transformations such as: 

1. Interconnect coils into a network by Ci. 

2. Neglect magnetizing current by C2. 

3. Introduce symmetrical component by C3. 


The Law of Transfomiation of C 

Let two reference frames be given, and let C2 transform to as 




6.10 


Now let two other reference frames be introduced, and let be changed 
to P by = Ca-P (to that of system 3) and to by The 

question now is how to find C4 changing P to 
Substitute and into equation 6.10. 

Multiplying both sides by the inverse of Cf 


Writing it as = Cl-P it follows that 


c! = (CJ)--L(C|)(C|) 


6.11 


Hence, in transforming a C, two other C’s are needed (not one) and 
the inverse of one has to be known. 


The Number of Meshes in a Networkf 

A network may consist of several independent “subnetworks” ( 5 in 
number) with no physical connections between them. 

* T.A,N., Chapter XL 
t T.A.N,, p. 72 and Chapters XIV-XVI. 
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A network consists of two component parts: (1) coils (C in number) ; 
(2) junctions (/ in number). 

(Two junctions connected, where the two ends of a coil meet, by an 
impedanceless wire form only one junction.) 

The minimum number of closed circuits, or meshes {M in number), 
is found by the formula 

M = C - - 5) 6.12 

In Fig. 6.1 there are: (1) two subnetworks; (2) seven coils; (3) four 
junctions. 



Hence the number of meshes is 

ilf=7.-.(4-2)=5 

The number / — 5 (number of junctions minus number of subnet- 
works) is an important concept called the number of ''junction pairs” 
(P in number). In terms of them 


C = If -HP 


6.13 


Number of coils = number of meshes + number of junction pairs 




CHAPTER 7 


EQUATIONS OF CONSTRAINT AS TRANSFORMATIONS 


Two Examples of Equations of Constraint 

Rarely are the changes from old to new currents stated in a clear-cut 
manner as i = C-i'. In many cases the distinction between the old 
and new currents (variables) is hidden and their separation is made by 
the creation of two physical systems (actually existing or hypothetical) 
to which the two sets of variables may be attributed. 

I Q (cl) ^ relation between currents (or the variables) is 

— f called an ‘‘equation of constraint.” For instance, Kirch- 

^ hoff’s first law (Fig. 7.1), “the sum of the currents enter- 
^ \ ing a junction is zero,” 

+ *“* = 0 7.1 


represents such an equation since it puts a constraint upon the values 
that the currents may assume. 

If a network has n junctions, the number of such equations (com- 
pletely representing the interconnections) is n — 1. 

That is, the manner of interconnection of a set of C coils into M meshes 
and J junctions may he represented in two different ways: (1) with the aid 
of the C equations of transformations i = C*i' representing a transfor- 
mation from an unconstrained (the “primitive”) network to the given 
(constrained) network; (2) or with the aid of P “equations of con- 
straint” B'i = 0 between the branch currents of 
the given network, or between the currents of the 
unconstrained network. 

These two manners of expression are equivalent, 
and one can be changed into the other, as will be 
shown presently. 

{b) Another example, where an equation of con- 
straint B*i =* 0 is set up between the currents of the unconstrained 
network, is a transformer network (Fig. 7.2) where it is customary to 
neglect the magnetizing current by assuming that the sum of the 
m.m.f.’s around the closed magnetic circuit is zero. 

naP' + + nJP -f == 0 
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{na is the number of turns of coil a.) This is also an equation of con- 
straint between the currents of the unconstrained network. 

As many such equations may be written as there are closed magnetic 
circuits in the system. They also can be changed to the alternative 
foj-jri 1 = C‘i'. This change is equivalent to the statement that i flows 
in the unconstrained network and i' flows in an fjn pn m 
a constrained network (which is not yet 1:3 0 S 

known) . 

The problem now is how to express an (a) Primitive network, 
equation BT = OorB*i' = 0 as i = C*i'. 

The purpose of establishing a C is to make it .<ji 

possible to transform the equation of the uncon- .^i 
strained network, say e = to that of the %\ 


constrained network e' 
laws of tensor analysis. 


by the routine 


Constraints as ^‘Transformations’^ ^ network 

{a) Suppose that a primitive network of ^ig. 7.3. 

five coils is given (Fig. 7,3a) having five de- 
pendent currents, i^ • • • /. Each current may assume any value it 
pleases, and the system is unconstrained. 

The effect of interconnecting the same coils into the network of Fig. 
7.3b is to prevent the currents in the coils from assuming any value 
they please. Kirchhoff’s first law introduces 4 — 1 = 3 constraints 
(where 4 is the number of junctions) between the branch currents, 
namely : 

The constraint of junction A is + i^' — = 0 


In terms of matrices these equations can be written as a matric equation 
B*i' = 0, where 

a' b' c' d' /' 



It should be expressly noted that in the primitive network unprimed 
currents flow, while in the interconnected network primed currents 
flow. 
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The difference between C and C' should be noted. Although both 
have the same components, the left-hand indices in C' are primed (re- 
ferring to the branches of the interconnected network) while in C they 
are unprimed (referring to the meshes of the primitive network). 

It should be noted that the primitive network with five meshes, the un- 
constrained system, possesses a set of five differential equations e = Z*i 
ivith five independent variables, that are to be transformed with the aid 
of C to the two equations e' = Z'T' of the constrained network. When, 
however, the five currents f®' • i^' are considered branch currents and 

are partly dependent and partly independent, there cannot be associ- 
ated with them a set of five differential equations e — Z • i with five inde- 
pendent variables.* 

{d) Hence, in interconnecting hidividual coils into networks, the trans- 
formation i = C*i' may also he looked upon as a relation ii = C'-ig 
between the branch currents. It consists of two sets of equations: (1) the 
F equations of constraint B*i = 0 rearranged so that only independent 
currents occur on the right-hand side; (2) as many equations of inde- 
pendence as there are independent or ^'new” variables (some of these 
independent variables may change signs, of course), namely M. 

When, however, not individual coils but whole networks are intercon- 
nected into larger networks, the above simple relation does not hold true 
and the C tensor cannot be said to represent a relation between the branch 
currents. 

Of course it is easier to establish C (representing the interconnection 
of coils) without the intermediary step of equations of constraint, but 
cases will be encountered (such as the method of symmetrical compo- 
nents) where the interconnection of coils should at first be represented 
in the form of equations of constraint instead of i = C*i'. 


Steps in Expressing B-i==0asi = C*i' 

Hence, a set of equations of constraint B • i = 0 may be expressed as 
i = C‘i' by the following steps: 

1. In each equation of constraint express one (any one) of the cur- 
rents in terms of the others (that is, carry one of the currents to the left- 
hand side, all the others to the right-hand side of the equation). This 

* It is shown in T.A.N.j Chapter XVI, that, if the network is looked upon as an 
“orthogonal” network with an equation of performance e 4- E = z*(i + 1)> then the 
currents in the coils of the primitive network are numerically equal to the 

currents i°' • • in the coils of the given network. That is, when the “dual” axes 
are also considered, then the branches do possess the same set of equations that the 
primitive system does. That set, however, is not e ~ z«i but e -f E = z* (i + 1). 
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step defines as many '‘dependent” currents as there are equations of 
constraint. 

2. By substitution, adjust the equation so that on the right-hand side 
only the independent currents occur. 

These two steps give as many equations of the needed i = C*i' as 
there are equations of constraint available. Or rather, they still are 
the equations of constraint but rearranged in a more suitable form. 

3. Equate to themselves the independent currrens. This step gives 
the remaining equations of i = C-i'. 

4. If the primes are removed, the collection of the two sets of equa- 
tions (the rearranged equations of constraint and the equations of 
independence) is the required i = CT', setting up a relation between 
the equations of the unconstrained and the constrained system. 


C-i' 


Example of Changing Bd = 0 to i 

{a) For instance, in the case of two transformers (Fig. 7.4), let the 
equations of constraint B*i = 0 represent the assumption that the 
sum of the m.m.f.’s around each closed mag- 
netic circuit (the so-called “.T.agnetizing” cur- 
rents is zero. That is, let 



n, 


0 


Fig. 7.4. 


Uci^ -f = 0 


7.8 


1. There are five currents -f®, and 

, Assume arbitrarily that and are dependent currents (hence 


and ¥ are independent.) 


na 


ic= ^ 

n c nr. 


7.9 


2. There is no need to readjust the equations since on the right-hand 
side only the independent currents occur. 

3. Equating the independent currents to each other 

= id if ^ if 7,10 


4. By placing primes to the currents on the right-hand side, the five 
independent currents are changed to three dependent currents by i = 
C-F. 
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b' d' r 



7.11 


(b) Putting primes to the currents on the right-hand side is equiva- 
lent to introducing a hypothetical network, the “constrained” network 
in which the independent currents i' flow, just as in removing the 
primes from the currents on the left-hand side of equation 7.7 was 
equivalent to introducing a hypothetical network, the “unconstrained” 
primitive network, in which i flows. The removal or addition of primes 
introduces a new set of variables and thereby it signifies the creation of a new 
network. 

The creation of two networks with primed and unprimed variables is 
equivalent to the creation of two sets of equations e = Z*i and e' = Z'*i' 
that may now be transformed into each other with the aid of C, 

(c) These new currents i^' , and i^' are not equal to the actual 
currents flowing in coils Z^?,, Z^j, and Z// but are only approxima- 
tions to them. They are hypothetical currents, the so -called “load” 
currents. 

It is possible to say that: (1) Before neglecting theTiiag*neti±ing.ei|t-, 
rents, the reference frame of the unconstrained system consists" c3f th^ 
five meshes a, b, c, d, and f ; (2) after neglecting the magnetizing |:ur- 
rent, the reference frame of the constrained system consists of three^ 
meshes only, b', d', and f'. h. 


Steps in Expressing i == C -i' as B -i = 0 

{a) The reverse problem sometimes arises; |i^^ua^^n 

of constraint B*i = 0 if i = C-i' is known. In sirnple C^s^Jt»‘'^OTly 
a question of picking out and removing the “equations of independ- 
ence.” Hence: 


1. Denote the new currents, using the prime convention. 

2. Pick out the equations of independence such as i°' = i^' , i^ = i^' ^ 
etc. 

3. If one of the equations of independence has the form i^ = — 
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this necessitates multiplying every term in the column f by — i. (This 
step reverses the direction of to agree with i^ .) 

4. The remaining equations are the equations of constraint. If 
needed, they may be brought to the form B*i = OorB-i' = 0. 

(b) Expressed in another way, B is found from C as follows: 

1. Rearrange C as a compound tensor 


C = 


I 

C' 


7.12 


(where I is the unit tensor) by writing first the equations of independ- 
ence. 

2. Subtract I, where I has as many rows as C has, so that 


B = C ~ I 7.13 


Hence 

B - C' ~ I 7.15 


I 



I 



EXERCISES 


1. What are the equations of constraint B»i == 0 of Fig. 7.5? 

2. Change B’i = Otoi = C-i'. 



1212 12 12 12 

mmm 


Fig. 7.6. 


3. What is the equation of constraint of the five-winding transformer of Fig. 7.6? 

4. Set up i = C*i' for Fig. 7.6 that neglects the magnetizing current. 
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UNBALANCED MULTIWINDING TRANSFORMERS* 

The Method of Analysis 

The analysis of multiwinding transformers differs in two respects 
from that of the circuits hitherto considered. 

1. Since the magnetizing current in each closed magnetic circuit may 
be neglected, the number of new variables i' in such cases is less than 
the number of meshes by as many as there are closed magnetic circuits. 
That is, the actual mesh network is replaced by a hypothetical network 
with fewer meshes. 

2. In place of the large number of usual self and mutual reactances, 
hypothetical “bucking” reactances are generally used, whose number 
is less. That is, the actual coils are replaced by hypothetical coils pos- 
sessing different types of self and mutual inductances. 

3. In balanced three-phase systems the number of variables may be 
reduced to a third of those in the unbalanced case. 

Successive Transformations Ci*C 2 

The analysis automatically divides into two steps. 

1. The step of interconnecting the coils is represented by Ci, That 
is, first establish i = Ci*i'. 

2. The step of neglecting the magnetizing current is represented by 
C 2 . That is, establish i' = C 2 ‘i". 

Their product 

C = Ci.C2 8.1 

performs the two analytical operations in one step, changing i to i" 
by i = C*i", so that Z' = Ct'Z^Cy etc., gives the final results. 

The Steps to Establish C 2 

In establishing C 2 (after Ci has already been found), the following 
steps are performed. 

1. Set up the equations of constraint B*i = 0 of the magnetic circuit 
before the coils are inter connected ^ since in that case the equations are 
easily written. 

* TA.N., p. 280 . 

tr-> 
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2. Replace in these equations with the aid of the already established 
i = Ci*i^ the currents of the primitive network with the currents of the 
actual network by simple substitution or by B' = B-C. This step 
gives the equations of constraint B'T' = 0 in terms of the currents of 
the actual netw^ork. 

3. Express these equations of constraint as i' = C 2 • i" by the standard 
steps, giving C 2 . 


Example of a Load-Ratio Control System 

As an example, let the C of Fig. 8.16 be established (a load-ratio con- 
trol system with regulating unit) where one three- winding and two two- 



(a) Primitive system. (6) Interconnected system. 

Fig. 8.1. Load-ratio control. 


winding transformers, also a load, are interconnected into a four-mesh 
network. 

Its primitive network, shown in Fig. 8.1a, has eight meshes and eight 
currents the given network has four meshes and four inde- 

pendent currents 

1. Equating the old currents and new currents flowing in each coil, 
the equations i = Ci*i' are 

a' b' c' d' 
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The coefficients of the new currents give Ci that changes eight variables 
into four variables. 

If the magnetizing currents are not to be neglected, then Cit*Z*Ci 
would give Z', and so on. 

2. Neglecting the magnetizing currents of the three transformers 
before the coils are interconnected (Fig. 8.1a), the three equations of 
constraint B*i are in terms of i (in terms of five old currents). 

nai"^ + nyS" + Uci^ = 0 

nyff' - 0 8.3 

rigi^ + nyjf — 0 

3. Replacing the old currents by the new currents with the aid of 
equation 8.2 (that is, replacing i^ by etc.) or by B*Ci = B', the 
three equations of constraint B'*i' = 0 in terms of i' (in terms of four 
new currents) are 

ricf!^ + n(ff = 0 

— = 0 8.4 

Ug^ + rijff == 0 

4. Three of the currents, say , and may be expressed in 

terms of the remaining fourth current as 

/= _ 

Uq, Uq, 




nd 


8.5 


id' 


Or adjusting the right-hand side so that it should contain only (by 
replacing i^' and on the right-hand side by their values from the 
second and third equations) 


\na ltd fig flj 


iV ^VlV±id' 

fid fig 


^ id' 


= Nii^' 

= N2i^' 
= Nzi^' 


8.6 
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Now three of the currents are expressed in terms of the fourth cur- 
rent. 

5. Equating the remaining current with itself, the three equations 
of constraint, equation 8.6, may be expressed as a transformation = 
C 2 *i" between the actual network with currents i' and a hypothetical 
network with currents i' ' 

d" 


iVi 

iVa 

iVs 

1 


8.7 


C 2 changes jour variables into one variable. Hence, the effect of 
neglecting magnetizing currents is to reduce the number of variables 
by as many as there are closed magnetic circuits. 

6. The product of Ci and C 2 is 
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-1 
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1 
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d" 



a 

Ni 
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Co 
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Nz 


Ca 


h 
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k 

1 



C changes eight variables into one variable. 

If Z of the primitive network (Fig. 8.1a) is given in terms of actual re- 
actances, also e, then Z' = CrZ-C, e' = Cre, i' = Z'"“^-e. The cur- 
rents in the individual coils are = C-i' and differences of potentials 
Cc = Z*C*i'. The load losses (not including the exciting loss) are the 
real part of = i'**Z'*i' or the real part of i* ‘ZTc. (See equation 
9.L) In place of actual reactances, however, it is customary to use a 
new type of reactance, the so-called bucking reactance. 
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BticMng Reactance 

{a) Let Z of a two-winding transformer be 
I 2 


Z = 



Z12 

-^21 

Z22 


Zii = nWi 

where Z22 = w|222 

Zi2 = W1W2S12 


If the magnetizing current is neglected, then 
mi^ + n 2 i^ = 0 


ni .1 
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C = 


. ^ 
W2 


and 


Z' * CrZ-C = I 


f -2^22 — 2 Zi 2 ~ -f Zn 

\W2/ W2 



1 

1 ! 

1 

to 


where 

Z- 


'.-(sr 


8.9 


nx 

Z22~‘ 2Zi 2 h Z'li = Wini(zii — 2^12 + Z 22 ) 8.10 

712 


It should be noted that the original Z contains four different con- 
stants, while Z' contains only one, namely Zi».2* 

(&) The question arises: Instead of using four constants in the 
original Z, may it not be possible to use the single constant Zi_2 as the 
component of Z, so that after the elimination of the magnetizing current 
Z' still has the same form as before? 

By trial and error it is found that if Z is written as 

1 2 


1 

Z = 

2 


0 

1 712 7' 

L fix 

0 


0 

^ 1-2 

Zl ~2 

0 


in that case Z' = C^Z-C = Zi_2- 


8.11 
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The impedance 
Zi_2 = 


== “ "^1^2(211 — 2 Si 2 + Z22) 
Ifii 2 


8.12 


is to be called the “unreferred bucking impedance’' since it is not 
referred to any reference winding. In general, 


Z2_3 == — 


1 ^2^3 

2 niUi 


ZL; 


2-3 


8.13 


if a third winding is the reference winding in defining Z2-3. 

(c) In the primitive three-winding transformer it is again found that 
if the unreferred bucking impedances are arranged in the form of a 
matrix with zero diagonals, as 


1 


3 


12 3 


0 

Zi_2 

Zl-3 

Zl-2 

0 

Z2~3 

Zi_3 

Z2~3 

0 


then the same answer is found after the magnetizing current is elimi- 
nated as when the usual self and mutual impedances are used. 

(d) This process of replacing actual impedances by bucking imped- 
ances is equivalent to introducing hypothetical coils whose self-imped- 
ance is zero, but whose mutual impedances are the unreferred bucking 
impedances. 

The method of establishing Ci and C2 and the calculation of currents^ 
etc.j remain unchanged whether actual or ^ 'unreferred bucking'^ imped- 
ances are used. 

Transformation to Change Z[^2 to Zi^2 

{a) In multiwinding transformers usually the bucking impedances 
Z^„^ referred to a particular winding are known. In that case, in Z 
of the primitive transformer, the given Z^„^ may be still arranged as 
the 

1 2 3 


1 


0 

Zi-2 

CO 

1 

Zi-2 

0 


Zi»3 

Z 2-3 

0 


3 
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but then a transformation tensor Co has to be established that changes 
the referred to unreferred bucking impedances. This Co has the form 
(when winding 1 is the reference winding) 



1 

2 

3 

1 

nilm 



Co - 2 


n^/ni 


3 



nz/ni 


8.16 


so that Coe*Zo-Co represents a Z containing only Zn^m, namely, equa- 
tion 8.14. 

(b) Instead of establishing first CorZo'Co, it is possible to start with 
Zo, then employ 

C = Co-Ci-Cs 8.17 

to find Z' where: 

1. Co changes the referred to unreferred bucking impedances (that 
is, it changes Zo to Z). 

2. Cl interconnects coils. 

3. C2 neglects magnetizing currents. 

Z' == CrZo’C gives the so-called load mutual impedances expressed in 
terms of bucking impedances. 

(c) In finding e' = Cre of the transformation, C is still defined as 
C = Cl •C2 since Co is used only to bring Z to its correct form. 

(d) The load losses may be found by or by i**Z-ic. Not only 
the currents but also the losses are the same whether standard self and 
mutual impedances or bucking impedances are used in Z of the primi- 
tive system. 

(e) When the coils of a multiwinding transformer are not intercon- 
nected, Cl becomes a unit tensor. The above formulas without any 
change give the ‘load mutual impedances,” etc., of the transformer. 

(/) In practical work the leakage impedances are given in “per 
unit.” In that case all windings are assumed to have the same number of 
turns (wi = ^^2 = ^3 = 1) Co degenerates into a scalar —H- 

Short-Circuit Calculation of a Four-Winding Transformer* 

Find the currents in a four- winding transformer when the second 
winding is short-circuited and the voltages on the other windings are 

* Blume, Transformer Engineering, John Wiley & Sons. 
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maintained. The per unit unreferred bucking reactances of the four 


coils are given as 



1 

2 

3 

4 

li 

il 

i 

3.95 per cent 

1 


0.0395 

0.133 

0.23 

Zi_3 = Z 3 -I = 

13.3 

per cent 

2 

7a — 

0.0395 


0 106 

0,19 

Zi_-4 == Z4_i = 

23 

per cent 

3 

0.133 

0 106 


0 087 

Z2_3 = Z3_2 ~ 

10.6 

per cent 

4 

0.23 

0 19 

0.087 


Z2-^ = Z4_2 = 

19 

per cent 


1 

2 

3 

4 

Z3_4 = Z4_3 = 

00 

per cent 


B=ri 

0 

1 ^ 1 

T1 


If the magnetizing current in winding 4 is neglected, than 



From ic = C-i', = 1.02. 

Load-Ratio Control System 

If in the load-ratio control system, Fig. 8.1a, Z is given in terms of 
unreferred bucking impedances, then 
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Zd-f 







Z^d-f 











Zg-h 







Zg—h 










Zkk 


8.22 


Because of the smaller number of constants (six instead of thirteen) and 
the greater number of zero terms, the calculation and the results are 
simpler. 

C is given in equation 8*8. 


d" 


CrZ'C = Z' = d" 


2Za-bNiN2 + IZa^cNi + 2Z6_ciV2 
+ 2Zd^fN2Nz + 2Zg-.hNz + Zkk 




e' = Ci«e = 


Nie 




Nie 


8.23 


The currents flowing in each coil are 


a 

b 

c 

d 

f 

g 

h 

k 





-iVsi'*" 


Q 

Bi 


The differences of potential appearing across each of the eight coils is 
Z-C-i' = Cc - 


a 

b 

c 

d 

f 

g 

b 

k 

{Za-hN% 
+ Za-^ 

{Za-h^l 
+ 26-o) 

,-d" 

+ 

ii" 

-Zd^fN»^" 

-Zd-fNzi^” 
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TABLE II 

Unbalanced Transformer Connections and Their 
Transformation Matrices 


First column — Ci shows interconnection of coils. 
Second column — C2 neglects magnetizing currents. 
Third column — C represents their resultant. 
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EXERCISES 


1. Find Cl, C2, and C for the forked auto- transformer of Fig. 8.2. 

2. Find its Z' in terms of bucking impedances Za-.b, etc. 

3. With an impressed voltage as shown, what are the differences of potentials 



Fig. 8.2. 


■1 

1 

1 

in 

11 




m 

m 

1 


Fig. 8.3. 


appearing across each coil of the forked auto-transformer? 

4. Find Cl, C 2 , and C for the two tee-tee connected single-phase transformers supply- 
ing an unbalanced three-phase load, as shown in Fig. 8.3. 

5. Check Ci, C 2 , and C and find Z, i, and of the transformers shown in Table II. 




CHAPTER 9 


THE METHOD OF SYMMETRICAL COMPONENTS * 


Conjugate Tensors 

The method of symmetrical components introduces a group of trans- 
formations C whose components contain complex numbers. For that 
case the rules of tensor analysis assume a more general form. 

(a) The conjugate of a complex number A = a + is a — jb and 
is denoted by an asterisk as A *. 

The conjugate of an ^z-matrix Z is denoted by Z* and is found by 
taking the conjugate of each of its elements. 


2 -3j 

0 

3 


5 

-3 - 2j 


i 

0 


2 +3i 

0 

3 

-57 

5 

-3 4- 27 

j 

-j 

0 


The conjugate of a tensor of valence A is A*, and it is found by 
taking the conjugate of its n- matrices in every ref erence frame. 

(b) The following three rules should be noted 

1. (A*)* = A 

2. (A-B)* = A*-B* 9.2 

3. (A-^)* = (A*)~^ 

(c) When the components of the vectors e and i are complex num- 
bers, then the power is not e*i but 

P = e*-i 9.3 

Similarly a quadratic form is defined as 

P = i**Z*i 9.4 

(d) When the components of the transformation tensor C contain 
complex numbers (as in the method of symmetrical components), then 


T.A.N., Chapter XIII. 
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the laws of transformation of tensors differ in some respects from those 
given previously. In particular: 

Whenever Ct occurs in the law of transformation^ it should he replaced 
by Cf . Hence 



Z' = c^z•c 


9.6 


(Their proof is analogous to the previous laws except that e*i is replaced 
by e**i.) 

When C contains complex components, then “tensors” are often 
called “spinors,” also “hermitian tensors.” 


The Hypothetical Reference Frame of Fortescue* 

(a) Let three equal, symmetrically spaced and iso- 
lated coils (a primitive system with three coils) be given 
with two (not three) different mutual impedances be- 
tween them (Fig. 9.1) such as occur in balanced induc- 
tion and synchronous machines. 


a 

Z = b 
c 


a b c 




Xs 

^2 

z 

Xi 



1 ^ 



Fig. 9.1. 


To find the inverse of Z, a determinant with three rows and columns 
has to be solved. 

(b) Fortescue suggested replacing the three actual currents i^, i^, and 
i^ of the primitive system by three hypothetical currents i^, and i^ 
(zero-, positive-, and negative-sequence currents) with the formula i == 
C-F. 


if = — ^ (1® -f ofi^ -f ai?) 
V3 

(i^ + ai^ + aH^) 



9.7 


*G.E.R., May, 1935; T,A,N., Chapters XIII, XIX, and XX. 
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where 

a = — f + iO.866 = 

^2 ^ _ 1 _ jo.866 = 

Det of C = - a2)/V3 

Also 

I -j- ^ _ Q 

^ 1 ; = a 

a* = <^\ {a^Y = ^ 


a b c 



9.8 


9.9 


(The factor l/V^ is introduced here to express the power in sym- 
metrical components also by e**i instead of by 3e**i, as is usually 
done.) 

ic) In the new hypothetical reference frame Z' == Cf -Z-C 



0 

1 

2 


0 

1 

2 

0 

Z -h Xi + 



0 

Zo 



Z' « i 1 


Z + c?Xi + 


= 1 




2 



Z +aXi-\- a^Xi 

2 



^2 


9.10 


Hence in the new reference frame t]ie three coils have no mutual imped- 
ances (their self-impedances are called zero-, positive-, and negative- 
sequence impedances), also Z' has only diagonal components, so that in 
finding Z^^ no determinant has to be solved. 

{d) Expressed in another way, the method of symmetrical compo- 
nents replaces the actual coils of a network by hypothetical coils whose 
Z has several (and if possible only) diagonal components. Then the 
inverse calculation is simpler. 

In addition to changing the coils of a network, the method of sym- 
metrical components also replaces the actual given network by a 
hypothetical sequence network that in general contains several inde- 
pendent subnetworks having no mutual impedance between them. As a 
result the inverse calculation of Z' is simpler. 

To find Z' of this hypothetical network is the purpose of the present 
study. 
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{e) In two-phase problems, Fortescue’s transformations become (for 
the primitive system with two coils) 


1 2 


= W + 

= W - 

There are no zero-sequence quantities. 


1 

1 

j 

-j 


9.11 


The Four Networks Associated with Every Problem 
(a) Let any three-phase network be given (Fig. 9,2h). 



Fig. 9.2. The four basic reference frames of the method of symmetrical components. 


When symmetrical components are to he used, four different networks 
and four different reference frames appear in the analysis in place of two 
{Fig. 92). 

1. The primitive network of the given s^^stem having C coils and 
C meshes. It is always divided into several groups, each containing 
three coils (or one coil). 

2. The given system with M meshes. 

In both of these actual networks only actual currents flow. 

3. The primitive network of the hypothetical sequence network 
also having C coils and C meshes in groups of three (or one) (the same 
number of groups as in the actual primitive system). 
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4. The hypothetical sequence network having the same number- of 
meshes and coils as the given network, but a different number of sub* 
networks. This network, however, is unknown at the beginning of 
the analysis. 

(b) In addition to the four basic networks, in which either all actual 
coils or all sequence coils appear, there are also two mixed networks con- 
taining both types of coils. That is, both the primitive and the inter- 
connected networks may contain both types of coils. 

Considering the mixed primitive system, in the actual coils only 
actual currents flow; in the sequence coils, only sequence currents. 

(^:) There is now a large variety of ways in which the problem may 
be stated. For instance: 

1. The seif and mutual impedances (or impressed voltages) either 
in the primitive actual network 1 or in the sequence network 3 or 
partly in one, partly in the other, may be given. 

2. The currents and voltages either of the given actual network 3 
or of the sequence network 4 or both are wanted. 

(d) It is possible to establish a C between any two of the four net- 
works. In particular : 

1. The C between the two actual networks 1 and 2 (that is, Cl) is 
the usual C hitherto developed involving the constraints of Kirchhoff. 

2. Fortescue's Cg given in equation 9.7 ^ the so-called sequence tensor^ 
represents the transformation only between the two primitive networks 1 
and 3, namely^ C3, and even there it transforms only corresponding 
groups. For each group of three coils an additional Cg has to be used. 

3. The main problem to he investigated presently is to find C changing 
network 3 to 4, if the usual C changing network 1 to 2 is known. 

Given Sequence Quantities, Find Actual Currents 

In many special problems Z and e of network 3 are given and e and i 
of only network 2 are to be found. The steps are obvious. 

1. Change Z and e from 3 to 1 by the sequence tensor C^. 

2. From then on the analysis follows the same as usual. 

The only difference now is that the components of Z and e of 1 con- 
tain sequence impedances (and voltages) instead of the conventional 
actual impedances. 

Quite often the design constants are given in both 1 and 3. That is, 
a “mixed'’ primitive system only is given. Usually the rotating ma- 
chines are given along 3 and the stationary coils (the fault impedances) 
in 1. Under such conditions change Z of only the rotating machines by 
Cg from 3 to 1, From then on the analysis is as usual. 
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Example. For instance, let a generator be connected to a load as 
shown in Fig. 9.3a. The primitive system is known only as shown in 
Fig. 9.3^. That is: 

1. The generator constants are given along the sequence axes 



9.12 


(a) Given system. Q)) Mixed primitive. (c) Actual primitive. 


Fig. 9.3. Generator connected to a load. 


2. The network constant is given along the actual axes 


Z 2 = g 




9.13 


The first step is to change the sequence part of the primitive network 
of Fig. 9.3b to an actual primitive network, Fig. 9.3c, by Cs, equation 
9 . 7 . Henceby Cf-Zi-CandCf.e 



a 

b 

c 


a 

b 

c 

a 

Zq -j- Zi -j- Z2 

Zq aZi -f- a^Z 2 

Zq 4~ “f" 0 >Z 2 

a 

Zaa 

Zab 

Zac 

z'i = i b 

Zq 4" d^Zi -{- (1Z2 

Zq Zi-i- Z2 

Zq 4” o-Zi 4" ci3Z2 

-b 

Zba 

Zbb 

Zbc 

c 

Zq (iZi + a'Zz 

Zq + a^Zi 4“ dZi 

Zo 4" -^1 + Z2 

c 

Zca 

Zcb 

Zee 


a b c 


/ 1 




V3 

ex 

aei 

a^ei 


9.14 








70 


THE METHOD OF SYMMETRICAL COMPONENTS 


Now both groups of coils are reduced to the actual reference axes, 
and the analysis follows the usual steps. Assuming two independent 
currents in Fig. 9.3a, 

V g' 


= 0 





1 


-1 

-1 


1 


By Cf -(Zi + Z2)-C, and Cf -(ei + 62). 


b' s’ 


Z1 + Z2 

[Zid - a) + Zid - a 2 )l /3 

[Zid - a^) + 2:2(1 - a)]/S 

(Zo -f Zi -f Z2 + SZg )/3 


b' 


g' 


Vi 


(a^—a )ei 


-a ei 


9.16 


Given Sequence Quantities, Find Sequence Currents 

(a) Since in many problems Z of network 4 is simpler than Z of 2 
(its inverse is easier to find), it is advantageous to find first the currents 
of 4, then change them to those of 2 (the actually existing currents). 
Also, since network 4 is simpler than 2 (containing more subnetworks), 
it is easier to use it on the a-c. network analyzer. Hence the establish- 
ment of network 4 is important. 

(b) That is, the problem is as follows: 


Given: networks 1, 2, and 3 (or their Z and e). 
Find: network 4 (or its Z' and e')* 


Or stated in another way : 

Given: changing network 1 to 2. 

Find : Cl changing network 3 to 4. 

The difficulty of this step is that the law of transformation for C 
(equation 6,11) cannot he used since here only one of the needed C’s is 






STEPS IN CHANGING C| TO Cl 71 

available (from 1 to 3, namely, the sequence tensor). The other C 
(from 2 to 4) is not yet available, as network 4 is unknown. 


Steps in Changing Cl to C| 

(a) Even though the law of transformation of cannot be used, 
still can be found by the following steps : 

1. Let C 2 be rearranged as a compound tensor 


C| = 


I 

C' 


9.17 


2. Let Fortescue’s transformation (containing as many of equa- 
tion 9.7 as there are groups of three coils) also be expressed as a com- 
pound tensor 


C. - 


Cl 

C 2 

Cs 

C 4 


9.18 


The sequence axes (written on top of C^) have to be arranged in the 
same order as the real axes in C 2 . That is, first the independent (the 
“new”) sequence axes are written, then the rest that are to be elimi- 
nated. 

3. The desired transformation tensor of the sequence network is found by 
(proof to follow) 


Cl - 


-(C'-C2 ~C4r^-(C'.Ci -Cs) 


9.19 


It is necessary to calculate the inverse of a matrix having as many 
rows as there are equations of constraint. 

(b) Since the inverse calculation of Cs is simple, the above equation 
may also be written as 


I 

-(CT^-C'-Cs - I)-1 -CTL(C'.Ci - C 3 ) 


9.20 


In many cases the use of this formula requires fewer calculations. 
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(c) Once C from network 3 to 4 has been found, then Z and e of 
network 4 are found from those of 3 by the usual formulas. Also the 
sequence network 4 (containing sequence coils) may be established from 
cl by inspection. 

The sequence network 4 containing the real coils may be established 
(using Z and e of network 1) by finding C|. Once C| is known, then 
the former is found by 

Cl = C|-C| 9.21 

where C3 is the Fortescue’s tensor Cg shown in equation 9.18. 

(d) When the hypothetical have been found, then the actual cur- 
rents flowing in each actual coil are found by 

= Cl-i^ 9.22 

Proof of the Formula Changing Cl to Cf 

It was shown in equation 7.13 that, if the unit tensor i is subtracted 
from C2, the resultant B multiplied by i gives the equations of con- 
straint B • i = 0, where 




C' 

1 


Now if i is replaced by Cg*i', the equations of constraint B'*i' = 0 
of the sequence network are found, where 


B' 


or 



Expressing now the dependent currents in terms of the independents 
i*- = = -(C'-Ca - C4ri.(C'-Ci - €3).!“ 9.23 

giving the lower part of C®. 

Changing Reference Frames of Faults 

{a) In fault studies there are a few standardized types of impedances 
whose Z has to be changed from network 1 to 3 with the aid of Cg. 
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To save the repetition of transformation, Table III lists the Z of fre- 
quent impedance combinations for both reference frames. All are 
special cases of the first set, by making some of the Z's zero. (Similar 
tables are shown in T.A.A., Chapters XIX-XX, for other standard 
three-phase networks.) 

(b) A ground coil may have special treatment. To avoid the use of 
three-rowed matrices, a ground coil is considered to have only a zero- 
sequence impedance as shown at the end of Table III. 

Also an actual ground current is transformed into a zero-sequence 
current by the following transformation: 


^ ^/3l^ or 


C=g 


V3 



9.24 


The reason is that the ground carries the sum of the three currents 
iS =: f -f 


= 

V3 


= 3iVV3 = 





ib) Primitive system. 


Fig. 9.4. Double line-to-ground short circuit. 


Changing A ‘‘Mixed’’ Primitive to a Primitive Sequence Network 

Let the network of Fig. 9.4a (a double line-to-ground short circuit) be 
analyzed whose design constants are given in the form of the mixed 
primitive of Fig. 9.5a. 
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0 12 a b c 



(a) Given impedances of mixed (b) Changed to impedances of se- 

primitive network. quence primitive 3. 

Fig. 9.5. Known impedances. 


The first step is to change the mixed primitive into the sequence 
primitive by changing Zi with the aid of Table III. Hence Z and e 
of the primitive sequence (Fig. 9,5b) are 


Q/ j/ 2' 0^^ 1^^ 2'* O'" 



Note that is factored out. 
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Changing C| into C| 


C of Fig. 9.4, changing network 1 to 2 (showing the manner of inter- 


connection of coils), is 


b' c' 



Two of the equations (second and third) are the equations of inde- 
pendence; hence the remaining five are the equations of constraint. 

L Rearranging 1 ^, / 



9.28 ' 


2. Fortescue’s transformation is, by equations 9.7 and 9.24, 
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3. Performing the indicated multiplication, 



The product of the last two matrices is 


1 ' 2 ' 



Hence the desired transformation tensor is 


9.30 



9.31 
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The Equations of the Sequence Network 

(a) Now Z and e of the primitive network, equation 9.26, may be 
transformed by Ct with the aid of Cf -Z-C and C**e. 


l' 2' 


0' 

-Zo 

-Zo 

V 

Zi 


2' 


Z2 

Z-C = 0" 

~z 

-Z 
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2" 
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O'" 

-3Zg 

-3Z, 


9.32 


cr-z-c = z' 


1 ' 2 ' 


Zo -f- Zi -{- 2Z -j- 3Zg 

Zq -1- Z 4" 3Zg 

Zo -f“ Z -f- 3Zg 

Zo 4- Z2 + 2Z 4- 3Zg 


Cf*e = e' - 



9.33 


The equations of the sequence network are e' = Z'-i' or 04 = Z44 
ei = (Zq + Zi + 2Z + SZg)i^ + {Zq Z + 3Zg)i^ 

9.34 

0 = (Zo + Z + 3Zg)i^' + (Zo + Z 2 + 2Z + 3Zg)i^' 

They may be solved for the currents and by i' = Z'""^*e'. 

(b) If the sequence currents and have been found, then in net- 
work 3: 

1. By equation 9.31, the sequence currents are = C|*i^ 


0' 

r 

2' 

0" 

1" 

2" 

O'" 

1 

r 



1 

1 



— r 


2. The sequence voltages are, by Z-C-i', where Z-C is given in 
equation 9.32, 


0' 1' 

2' 

0" 

1" 

2" 

O'" 


Zi^^' 

+ #0 



-32s(ii' + j=') 
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Actual Currents and Differences of Potential 

A transformation from network 3 to network 2 with the aid of C3 = 
Cs shown in equation 9.29 gives the actual currents in each coil as 


a' 

b' 


cl-i^ - 


\/3 


c 


// 


g 


II t 


0 

4- (d — l)^’ 
(a — + (a^ 

0 

(^2 _ _ 1)^2' 

(a — 4 - (cL^ ~ 1 )^^^ 


9.37 


Theaciwc/ difference of potential across each coil (since e' = C* or 
63 = Csf -ei, therefore Ci = (C3f)~^-e3) is 


b' 

c' 


ei - (CSr)~Le3 = ^ a'- 



9.38 


Of course the actual currents and differences of potentials ei could 
have been found from without the intermediary steps of finding 
and 63. That is 

p 9.39 

ei - (Cirr'-e3 - 9.40 


The Sequence Network 

When Z', equation 9.33, has been established, the sequence network 
containing the design constants of the mixed primitive network of Fig. 
9.46 may be established by inspection as shown in Fig. 9.6. 

From C4, equation 9.31, the sequence network containing only se- 
quence constants is established by inspection, as shown in Fig. 9.7, 
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There are mutual inductances between the double-primed coils as 
shown in Fig. 9.5. 

It should be noted that Fig, 9.6 is a ''mixed” network containing 
both actual and sequence impedances and that no mutual inductances 
exist between the coils. This mixed circuit can be set up on the calcu- 



Fig. 9.6. Sequence net- Fig. 9.7. Sequence net- 
work with mixed imped- work with sequence im- 

ances. pedances. 


lating board. However, in both sequence networks, Figs. 9.6 and 9.7, 
the currents are all sequence currents. 

Networks with Multiwinding Transformers 

When magnetizing currents are also to be neglected, the steps are the 
same as before except that Cl is the product of two C’s. 

Because of the larger number of groups of coils, in such problems it is 
advantageous to deal with compound networks (each coil representing 
a three-phase apparatus) and their compound tensors. It is shown else- 
where * that in terms of three-phase compound tensors the analysis of 
three-phase networks reduces almost to the simplicity of that of single-phase 
networks. 

The advantage of the use of compound tensors is due to the fact that 
only a few standardized types of three-phase interconnections and 
faults exist and their corresponding C and Z need be established only 
once. Then for every particular three-phase system these ready-made 
C’s and Z’s are used as components of the compound tensors. 


1. Find the conjugate of 


EXERCISES 



p - jpe 


z 

P + jpB 


T.A.N., Chanter XV 
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2{a) Transform to 0, 1,2 axes the following Z’s. 

a b c a b c 



[h) Transform the new Z’s back to their original form. 

3. Verify the fault impedances Z in Table HI. 

4. Let the generator of Fig. 9.8, whose Z and e are given in equation 9.12 supplying 
three unequal resistences, be short-circuited as shown. Find the short-circuit current. 



Fig. 9.8. Fig. 9.9. 


5. A grounded generator supplies a three-phase load where 


Qftf 




Fig. 9.10. 


If a double line-to-ground short circuit occurs 
as in Fig. 9.9, find the sequence and the actual 
currents and differences of potentials appear- 
ing across each phase of the generator and the 
load. 

6. A generator Zi supplies a delta-connected 
load Zl. If a line-to-line fault occurs through 
an impedance Z (Fig. 9.10), what are the 
sequence and the actual currents and voltages 
in each coil? 
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TABLE III 


Fault Impedances along Actual and along Sequence Axes 














CHAPTER 10 


MERCURY-ARC RECTIFIER CIRCUITS 


Informatioa Implied in C 


The connection tensor C showing how the coils are connected into a 
network includes a surprising amount of information about the net- 
work. It will be shown that in rectifier circuits it gives the instantane- 



ous and r.m.s. values of the currents flowing 
at any part of the system, provided that the 
load current is not too large. C^Z-C, of 
course, gives the impedance of the network to 
be used in detailed studies. 

As a simple example, let the six-phase rec- 
tifier of Fig. 10.1a be considered. Each anode 
circuit is considered a closed mesh. The nine 
coils are wound on a transformer as shown in 


Fig. 10.1&. 


The method of attack is the same as that of 
3 any other network containing multiwinding 
6 transformers. That is: 

^ 1. The coils are interconnected by Ci. 

Fig. 10.1. Six-phase magnetizing currents are neglected 

rectifier. retained) by €3. 

3. The product Ci«C 2 gives the desired 
transformation tensor C' in which the new axes are the anode axes 
(and the line axes). 



Visualization of Rectifier Phenomena 

{a) Hitherto no attention was paid to the order of the meshes as- 
sumed. Now, however, it is essential to rearrange the anode meshes in 
the order of their firing, 

^ The^order of firing of the various anodes is determined by the equa- 
tion e' = Cre, where e is the impressed line voltage (three-phase). 
The components of e' give the differences of potentials appearing across 
the various anodes. By arranging the components of e' in their proper 
time phase, the firing order of the anodes is automatically determined. 
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A transformation tensor C/ may now be established that changes the 
order of the anodes to that given by e\ Then C'*C/ is the final 
C sought. 

(b) Now if it is assumed that the new currents V (the anode currents) 
that appear at different time intervals are all equal and of constant 
value Id-c.i i = C*i' gives the currents flowing in each coil in each 
time interval in terms of the direct current 
Since the anode currents appear at different time intervals in 
each anode, the graphical plot of each row of C (multiplied by Za ©.) gives 
the instantaneous value of the currents flowing in each coiL 

Also if the components of each row of C are squared, then added and 
the square root of the average resultant is taken, the r.m.s. value of the 
currents flowing in the corresponding coils is found. 

Six-Phase Rectifier 

{a) In the arrangement of Fig. 10.1 three of the coils (the primary) 
are connected in star to the line. Each of the other six coils (the 
secondary) forms a closed mesh through the cathode. Coils 7-9 are 
connected to the common cathode in a direction opposite to coils 4-6. 
Hence their interconnection is represented by 



T 

2 ' 

4 ' 

5 ' 

6 ' 

7 ' 

8 ' 

9 ' 

1 

1 








2 


1 







3 

-1 

_1 







4 



1 






Cl = 5 









6 




i 

1 




7 






-1 



8 







-1 


9 








-1 


10.1 


(5) There are two closed magnetic meshes; hence two equations of 
constraint may be set up: 

n^i^ + — nf^ = 0 ^ 

npi^ + — n^i^ — Usi^ — nsi^ == 0 
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(The magnetizing currents on the right-hand side, instead of being 
equated to zero, may be assumed to be and .) 

The primed currents being substituted, then and eliminated, 


iV = i!!f + i®' + i®' + - i®' - i®') 

3 Tip 

i2' UV _ 2i®' + i®' - {>' + 2i®' - i®') 

3 Up 

If njup == n, 

r 

2 ' 

4' 

5' 

C2 - 

6 ' 

7' 

8' 

9' 


4" 5" 6" 7" 8" 9" 



in 

in 

\n 


—in 



in 

^\n 

In 

-~^n 

1 







1 







1 







1 







1 







1 


10.3 


10.4 



4" 

5" 

6" 

7 // 

8" 

9" 

1 

-2/3 

1/3 

1/3 

2fl 

- 1/3 

- 1/3 

2 

1/3 

-2/3 

1/3 

- 1/3 

2/3 

- 1/3 

3 

1/3 

1/3 

-111 

-1/3 

- 1/3 

111 

4 

1/n 






Ci*C2 = C' = « X 5 


l/» 





6 



Ijn 




7 




— l/n 



8 





— 1/w 


9 






— \ln 


10.5 


(c) If the impressed voltage vector is 

123456789 
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then 


e' = C;-e = e X 


4" 

5" 

6" 

7" 

8" 

9" 

-1 

—a 


1 

a 



10.6 


I 


From Fig. 10.2 the firing order a, * • *, / follows 
as 7", 6", 8'', 4", 9", 5" (the order may start at any 
coil). 

{d) The order of the coils in C' may be changed 
by the following transformation:* 



Fig. 10.2. Firing 
order. 


a b c d e f 





1 








1 


1 





1 








1 








1 



•4" 

= 


A" 


= 

fih 

5" 



% 

6" 




C 3 = 

If 


If 

7" 

■S" 

= 


8" 


— 


9" 


Hence 


C = 



a 

b 

c 

d 

e 

f 

1 

2/3 

1/3 

-1/3 

-2/3 

-1/3 

1/3 

2 

-1/3 

1/3 

2/3 

1/3 

-1/3 

-2/3 

3 

-1/3 

-2/3 

-1/3 

1/3 

2/3 

1/3 

4 




lln 



w X 5 






l/« 
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Ijn 





7 

— 1/w 






8 



— Ijn 




9 




- 

_ — 1/w 



10.8 


* TJL,N., pp, 164-167 
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so that C = Ci*C 2 *C 3 *C 4 — 


a' b' c' d' e' f 



Fig. 10.5. Instantaneous currents. 


10.10 


10.11 


The currents in coils 1 and 4 are shown in F ig. 10.5. Their r.m.s. 
values are and (1^ + 1^)/ 6 = Jd-c./(2'\/3)' 

Twelve-Phase Quadruple Rectifier 

Figure 10.6 shows a rectifier connection with thirty-six coils, in 
which four anodes fire simultaneously. Figure 10.7 shows the number 
of turns of the various windings (a = 0.816 and h = 0.299). 

The analysis follows the previous one step by step except that here 
three closed magnetic meshes are assumed and their magnetizing cur- 
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rents are assumed to be identical and equal to i’" (along axis m) instead 
of being zero. C is given in equation 10.12. 

Rows 2 and 3 repeat row 1, also rows 5 and 6 repeat 4. 


loc 



Fig. 10.6. Twelve-phase, quadruple zigzag rectifier. 

The instantaneous current in the line (coil 1), primary (coil 4), 
secondary (coil 7), and interphase reactor (coil 36) are shown in Fig. 


iS 2^ 3^ 


25lif 26 
281*: 29 


np 
9 {g on, 

JaSbn* 
15 

18 @bn. 


bn« 


32 ^ 33 ^ 
34 ^ 35 ^ 36 ^ 

Fig. 10.7. Arrange- 
ment of coils. 



Fig. 10.8. Instantaneous currents 
in coils 1, 4, 7, and 36. 


10.8. The r.m.s. currents are: line = 0.683Jd-c^^s/^p; primary == 
0.394Id.c.'^s/wp; and secondary = (34A/3)^d-c. magnetizing cur- 

rent flows only in the closed delta. 
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EXERCISE 


Find C, the instantaneous currents, and the r.m.s. value of the currents of the 
rectifier circuits of Figs. 10.9-10.11. 



Fig. 10.9. Biphase circuit. 




Fig. 10.11. Six-phase forked circuit. 



CHAPTER 11 


PHASE-SHIFT TRANSFORMERS* 


Considering Only One-Third of the Windings 


In a balanced three-phase system, whatever currents flow in phase a, 
the same currents, shifted by 120 degrees in time, flow in phase b and by 
240 degrees in phase c. That is, if i’’, and i" flow in the meshes of 
phase a, then ai’^, and flow in the meshes of b, and aH^, aH^, and 
aH‘ in the meshes of c (see Fig. 11.1 for one mesh per phase). 




Fig. 11.1. Currents in balanced three-phase circuits. 


Hence in balanced three-phase systems it is sufficient to consider only 
one-third of the coils ^ meshes^ and currents. 

Representation of Three-Phase Transformers 

Let three four-winding transformero be given (Fig. 11.2) 

It is customary to represent the coils in the following way. 


1 

2 

3 

4 


Fig. 11.2. Three-phase four-winding transformers. 

1. Those of phase a are always vertical. 

2. Those of phase h are always at 120 degrees from it. 

3. Those of phase c are always at 240 degrees from it. 

* T.A,N,, Chapter XIII, p. 339. 
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PHASE-SHIFT TRANSFORMERS 


Instead of drawing the coil, only a straight line is drawn as shown in 
Fig. 11.3. 

Hence the coils of Fig. 11.2 are represented as shown in Fig. 11.4. 


0 b c 



Fig. 11.3. Representation of Fig. 11.4. Representation of a 

phases. four-winding transformer. 

Interconnection of Coils 

Let the twelve windings of Figs. 11.2 or 11.4 be interconnected as 
shown in Fig. 11.5. In particular: 

1. Windings 1 into star. 

2. Windings 3 into star. 



(a) Actual connections. (3) Representation. (c) Its primitive. 


Fig. 11.5. Phase-shift zigzag transformer. 

3. Windings 4 into delta. 

4. Windings 2 in opposing series with 3 (the so-called zigzag 
connection.) 

5. Windings 2 are connected in series with a balanced star load. 
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The Primitive System 

It is sufficient to consider the currents only in the first transformer (ver- 
tical lines) and in one of the loads. 

The primitive network (Fig. 11.2 or 11.5c) has five currents 
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The Transformation Tensor 
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^4 



11.1 


In the given network, Fig. 11.5Z>, there are nine meshes; hence it is 
sufficient to consider three meshes and assume three new currents in 
three of the vertical coils i^' , i^' as shown. 

The next step is to determine the 
currents in the remaining vertical coils 
and in one of the loads. 

In Fig. 11.6, if flows from A to B, 
then ai^' flows from C to B (see Fig. 

11.1). Hence —ai^' flows from CtoD, 

Similarly in one of the loads (it does 
not matter in which one) i^' flows. 

Hence, equating the currents flowing in the four vertical coils (and 
one of the loads) before and after interconnection (comparing Fig. 11.55 
and c and Fig. 11.6), 



Fig. 11.6. Determining the current 
in the remaining vertical coil. 
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11.2 


The coefficients of the new currents give the transformation tensor C, 
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showing the manner of interconnection of the coils. One of its compo- 
nents is a complex number —a = 0.5 — jO.866. 

It should be noted that, to establish the currents flowing in all verti- 
cal coils, the currents in some of the other coils also had to be estab- 
lished as an intermediary step. 

Of course, in place of the coils of phase a (the vertical coils), the coils 
of any of the other phases could have been considered. 

Neglecting Magnetizing Currents* 

The procedure from this point is the same as for any other multi- 
winding transformer network. 

The equation of constraint of the vertical coils before interconnection 
is 

fiii^ + n2i^ + = 0 11.3 


Replacing the old currents by the new currents with the aid of 
equation 11.2, 

Tiii^ -{- n2Q'i^ + ^3^^ =0 11.4 

Assuming, say, (the current in the delta) as the dependent cur- 
rent, 

1" 3" 




i*' = _ ji' + 

Hi \ 714 nj 
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11.5 


Note that 1:^2 is a complex number. 
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11.6 


* May, 1935, p. 237. 
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Ctsrreats and Dlfierences of Potentials 

1 " 3 " 



The currents are from i' = Z' ^•e 

1 " 3 " 



The differences of potential across each coil of the first transformer 
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TABLE IV 

Balanced Three-Phase Multiwinding Transformers and 
Their Transformation Matrices 

First column — Ci shows interconnection of coils. 
Second column — C2 neglects magnetizing currents. 

Third column — C3 represents their resultant. 
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EXERCISES 

1. Find Cl and C 2 of the zigzag transformer of Fig. 11.7 (consisting of three three- 
winding transformers). 

2. Find Ci and C 2 of the inscribed delta transformer of Fig. 1 1.8 (three two- winding 

transformers. 



Fig. 11.7. Zigzag transformer. Fig. 11.8. Inscribed delta 

transformer. 

3. Find Ci and C 2 of the zigzag auto-transformer of Fig. 11.9 (three three-winding 
transformers). 



Fig. 11.9. Zigzag auto-transformer. 

4. Find the currents and differences of potentials across the coils of the trans- 
formers shown in Table IV. 



CHAPTER 12 


INDEX NOTATION* 

Denoting the Reference Axes of a Particular Frame 

(a) In the notation hitherto used (the “direct” notation), each 
physical entity (tensor) was denoted by a single symbol e or Z (the 
“base” letter) without showing its valence or its law of transformation. 
Also the notation could not restrict the analysis so that it should apply 
to only one portion of the network. The “index notation” to be shown 
now takes care of these and other needs of the analysis. 

The symbols a, b,c • • • denoting the individual reference axes will be 
called “fixed” indices. The totality of all axes will be denoted by “a” 
or “jS” to be called “variable” indices, so that a assumes all the fixed 
indices in succession. 

The base letter of a vector (tensor of valence 1) will have one variable 
index as e^ 

\ 

Ca ~ 


abed 


5 3 2 1 


SO that eb ^ 3, e^ = 1. 

The base letter of a tensor of valence 2 will have two indices 


Za0 



so that Zac = 3, Zbb = 5, etc. 

The transpose of Aa^ is The inverse of Aa^ is denoted by a dif- 
ferent base letter, as 

12.1 


♦ T.A.N., Chapter VII. 
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Note that the order and position of the indices are interchanged. 
= Z^a and = 3^“. 

{h) By using both variable and fixed indices, any row or column may 
be picked out of a tensor at will. For instance, Zah is the second col- 
umn, Zc^ is the third row. 

A tensor of valence 3 has three indices as shown in Fig. 12.1. 

A tensor of valence 0 (scalar) has no index. 



Fig. 12.1. 


Denoting the Various Reference Frames 

The various reference frames are usually denoted by priming the in- 
dices as Za'iS'f Za'"^"' ’ In general, Z^^ stands for all the 

possible reference frames (primes, double primes, triple primes, etc.) 
in addition to all components Zaai Zaht etc. 

The symbol Z, the base letter, still represents the whole physical en- 
tity, while the indices show just which reference frame and in that frame 
just which component or components are under consideration. For 
instance, for the tensor Za^ 



When the indices contain no primes and are all variable indices as 
then (if not otherwise stated) they imply all the components of all 
possible reference frames, that is, the entity itself. 

It is customary to use different variable indices for different reference 
frames (instead of different numbers of primes) such as Zap for one, 
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Zynn ^or another frame. Though this notation is permissible, it is not 
logical, unless the two reference frames are of different types. 

Denoting the Manipulations to be Performed 

(a) The rule for multiplying together two vectors e-i (each with, 
say, four fixed indices a, h, c, d) can be represented with the aid of 
indices as 


a 

h 

c 

d 


a 

h 

c 

d 

1 

2 

3 

4 

i = 

5 

6 

7 



-> > 


d 

e-i=^e„4=lX5 + 2X6 + 3X7 + 4X8 = 70 12.2 


Similarly the rule for multiplying together two tensors of valence 2 is 
represented as 




12.3 





(b) The index jS, along which the summation is performed, is called 
the “dummy index.” The arrows are always drawn along the dummy 
indices. The remaining indices a and j are called “free indices.” The 
resultant tensor Cay contains only the free indices. E.g., 

-^a^yTyS = Ca^d 12.4 

7 

showing that the resultant of the product is a tensor of valence 3. It 
may be said that the two dummy indices stand for a dot-product. (In 
direct notation only A-B = Aa^B^y can be represented, but not 

Aa^By^.) 

(c) Since the dummy index occurs twice, the summation sign may he left 
out as 


Aa^yBy^ = 


12.5 
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This is called the “Einstein convention” as he was the first to suggest 
the omission of the summation sign. 

Denoting the Law of Transformation 

(a) Although the currents i and voltages e are both vectors, they 
have different laws of transformation 

i = C«i' and e = 12.6 

one attracting C, the other 

In other words, e and i are two different types of vectors as they behave 
differently when coils are interconnected into various networks (or even 
when the reference frame is changed and the network is left undis- 
turbed). That is, when coils are connected in series, the voltages are 
added, but the currents remain unchanged. On the other hand, when 
coils are connected in parallel, the voltages now remain unchanged and 
the currents are added. 

To represent this difference in their physical behavior, hence in their 
law of transformation, the current vector always has an “upper” or 
“contravariant” index as while the voltage vector always has a 
‘dower” or “covariant” index as ea. Also is called a “contravariant” 
vector and ea a “co variant” vector. 

{b) In general, if an old index attracts {or Cf^), it is an upper in- 
dex; if it attracts C {or Cf), it is a lower index. 

Since Z attracts C twice, equation 6.6, both its indices are lower in- 
dices as However, Y attracts C”^ twice, equation 6.8; hence it is 
written as On the other hand C itself attracts one C and one C"“^, 
equation 6.11; hence it has one upper and one lower index as CJ. Its 
inverse, C"\ is written C«'. 

Tensors may have any number of covariant and contravariant indices 
as So that no confusion may arise as to the order of the indices, 

dots are placed in the empty positions. 

The only exceptions in disregarding the order of the indices are the 
transformation tensor and the unit tensor 1“^. 

The Dummy-Index Rule 

It so happens in nature that every type of energy is the product of 
two vectors, one being always a “co variant” vector, the other a “con- 
travariant” vector. For instance, T = or T = MmV^ {Mm = 
momentum). Similarly, with power, P = 

In general, in any problems of tensor analysis, of the two dummy indi- 
ces one is always a lower, the other an upper index. 
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With the aid of this rule, the law of transformation of any tensor may 
be written down automatically 

Tensor Equatioiis 

(a) Every term in a tensor equation must have the same free indices. 
With one free index every term is a vector, as 

di^ 

Ca = + L^^+ 12.8 

In every term the free index is a. This equation stands for n ordinary 
equations in every reference frame. 

With two free indices every term is a tensor of valence 2. 

X/3 = 12.9 

This tensor equation stands for ordinary equations in every reference 
frame. 

With no free indices every term is a scalar. 

P = 12.10 

This tensor equation stands for one ordinary equation in every refer- 
ence frame. 

{h) The dummy indices may be changed in each term at will. 

12.11 

The free indices may be changed only in all the terms of an equation 
at the same time. 

Ba = niay be written as = Ry^i^, 

{c) With index notation the order of the tensors in a product can be 
changed at will 

= B^Aa^ I but A-B 5^ B-A 12.12 

The dummy index jS shows whether the arrows are drawn horizon- 
tally or vertically. Howevej*, if the components of a tensor contain 
operators, such os p = d/dt, their order cannot be changed (just as the 
order of p in an ordinary equation cannot be changed). 

Contraction 

It has been assumed hitherto that the two dummy indices occur in 
different tensors as However, they may occur in the same tensor. 
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Let 


Then 


X 

a 

b 

c 

a 

2 

1 

5 

= 6 

9 

3 

6 

c 

2 

8 

4 


= A\ + A\ + = 2 + Z + 4: = 9 


12.13 


That is, represents the sum of the diagonal terms. 

In general, assuming two dummy indices in a tensor (the process of 
‘‘contraction”) lowers its valence by 2, If is a tensor of valence 
4, then is a tensor of valence 2, namely 


EXERCISES 

1. How are each of the shaded portions of Fig. 12.2 represented in index notation? 

2. What is the law of transformation of the tensor 



Fig. 12.2. 


3. What is wrong with the following equations? 

(a) €« - (b) (c) = Ba^yir. 

4. Is the following equation correctly written (that is, are the indices correctly 
balanced)? 

di^ 

~ Ra^^ + O'a^ ~ + Tffyai^i^ 
at 

5. Write out all the four sets of equations 14.7 as shown in equation 14.8. 




CHAPTER 13 


DIFFERENTIATION AND INTEGRATION OF TENSORS* 


Differentiation 

The differentiation and integration of tensors are facilitated by the 
use of the index notation, as the indices show the succession of steps to 
be performed. The following rules also apply to n-way matrices. 

(a) A tensor is differentiated with respect to a scalar by differentiat- 
ing each of its components separately in every reference frame. The 
valence of the tensor remains unchanged. 



(b) A tensor is differentiated with respect to a vector by differenti- 
ating each component of the tensor with respect to each component of 
the vector in succession. The valence of the new tensor is one larger. 
For instance, find dAa/do(P, where 
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The expression bAaj is denoted as That is, the contravariant 
{upper) index P in the denominator becomes a covariant {lower) index in 


the resultant tensor. 


dKX 




13.3 


{c) A product of tensors Is differentiated by differentiating each ten- 
sor separately. For instance, 

Tl = ~T~r + Aae -—T 


dx^ 


dx 


dx^ 


13.4 


Gradient 

In physical problems three types of differentiation occur rather fre- 
quently. 

The derivative of a tensor with respect to a vector xf^ is called the 
“gradient” of a tensor. 

dxf^ 

13.5 

dBc 


Grad A = — = 


Grad 


dx^ 





Not only a scalar but also a tensor of any valence may have a gradi- 
ent. The valence of the gradient is one greater than that of the original 
tensor. 

From the gradient, the divergent and the curl are built up in the 
following manner. 


Divergent 

If the gradient of a tensor is ''contracted,” the resultant is called the 
“divergent” of the tensor. 


Div Aa 



Div Ca^ 



13.6 


Not only a vector but also a tensor of any valence may have a diver- 
gent. The valence of the divergent is one less than that of the original 
tensor. E.g., 
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The same result could have also been found by calculating first the 
gradient, that is dAJdx^ = then adding its diagonal components. 


Curl 

When the gradient of a tensor has been calculated, then, if its trans- 
pose is subtracted, the resultant is the “curl” of the original tensor. 

Curl Acc = ^ ^ = Bcc^ - 13.8 

That is, if dAJdx? = Ba$, then its transpose is B^a- 

r \ r — _ n _ n 1 1 o 

Curl Ca^ ~~ d:<^ ~ -^ay^ 13.9 


Not only a vector but also a tensor of any valence may have a curl. 
The valence of the curl is one greater than that of the original tensor. 
For instance, 



The above tensor is '‘skew symmetric,’’ that is, all terms to the right 
of the main diagonal line are negative to those to the left. The diagonal 
terms are zero. Hence the number of different components is n^/2 — n. 
This skew symmetry of the curl exists in every reference frame. 
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Line, Surface, and Volume Integrals 


(a) A tensor of any rank is integrated with respect to a scalar by 
integrating each of its components. 



(b) A tensor is integrated with respect to a vector by integrating each 
component of the tensor with respect to each component of the vector 
and performing the contraction as indicated by the indices. For in- 
stance, if 


abed 


abed 


Aa = sin JC I cos y | 3 j 2 j d:<f^ = | | j dfz | du 

jAadx’‘ = k= jAadx'^+ jAbdx^A- J A^dx‘ + J Addx^ 

= J" sin X dx J" cos y dy + J" ^dz + J" 2du 

= — (cos X + AL) + (sin y + B) + {3z + C) 

+ {2u + D) 13.12 

Also ^ 

I 

Such integrals are called “line integrals.” 

(c) The differentials may form a tensor of valence 2 (representing a 
surface). In that case the contraction is performed twice in succession. 

JJ A“py dxP dx-f = JJ A^g^ dB^ = C“ 13.13 

Such integrals are called “surface integrals.” 

{d) “Volume integrals” assume the following form: 


JJJ A%;i:dx-^ dxHx^ = JJJ A% 


d^u ^ 13.14 
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Stokes’ Theorem 

In tensor analysis the theorem that “the line integral of a vector is 
equal to the surface integral of the curl of the vector” assumes the form 

- ■^) dxT dxP 13.15 

the indices indicating the routine steps that have to be performed in the 
integration. 

Of course, a may have more than three fixed indices and may be 
replaced by a tensor of any valence. Tensor analysis also supplies a 
routine procedure for the cases when the reference frames are not rec- 
tilinear but curvilinear. 


E XJBRCISES 

1. If 



3. Find the gradient, divergent, and curl oi A a and Aa$ of exercise 1. 

4. Find the line integral of .4 a and the surface integral of A of exercise 1. 




CHAPTER 14 


THE FIELD EQUATIONS OF MAXWELL* 


Three-Dimeasional Form of the Equations 

Important examples for the differentiation of tensors are the field 
equations of Maxwell. In the symbolism of conventional vector 
analysis they are as follows: 

The first set of the field equations (in Heaviside-Lorentz units) is 


1 djy pv 
CurlH = — 

c dt c 

Div D = p 


The second set is 

1 dB 

Curl EH == 0 

c dt 

Div B = 0 

where p satisfies the equation of continuity 

dp 

Div pv + — = 0 

ot 


II 


III 


14.1 


14.2 


14.3 


and E and B are expressible in terms of the scalar potential and vector 
potential A 


E = — grad <p 


1 ^ 
c dt 


IV 


14.4 


B = curl A 

The vectors have the form 



X 

7 

z 


X 

7 

z 

E = 


Ey 


V = 

Vx 

Vy 

Vz 


*See, for instance, Becker, “Theory der Elektrizitat,” Vol. II, Teubner, Leipzig, 
1933. 
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THE FIELD EQUATIONS OF MAXWELL 


Fotir-Dimensional Tensors 

The three-dimensional forms of Maxwell’s equations have the follow- 
ing limitations: 

1. They are not valid if the reference axes have accelerated motion 
such as rotation. 

2. Even when the reference axes are stationary, the equations are not 
valid if the velocity v of the charges approaches that of light. 

3. Unless the reference axes are orthogonal, the calculation of gra- 
dient, divergent, and curl becomes rather involved. 

All these limitations are removed if the above equations are restated 
in the language of tensor analysis. Assuming a rectangular reference 
frame along x, y, z (the ‘"primitive” reference frame), Minkowsky gave 
the following tensor forms of Maxwell’s equations, each replacing a set 
of two conventional vector equations. 

First let new types of tensors be introduced by augmenting the three 
space directions x, y, s by a fourth, the time t. These new tensors are 




where and jBT"^ are skew-symmetric tensors of valence 2. is 
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called the '‘dual” of Fa^. Also, jS = V^l — where v is the velocity 
of the charge po* 

Four-Dmensional Fonn of the Equations 

In terms of these tensors the conventional four sets assume the form 

docP 
* 

docP 


= 

I 

1! 

o 


III 

= 0 

II 


dof 

14.7 

IV 


For instance, the first set gives 


when 


dxP 


dx 



■ + ■ 

8*® 

+ 8*^ =" 


dip 

1 

dIF _ poF* 

dy 

dz 

c 

dt jSc 


2 1 dP^ pqV^ 

dx dz c dt /3c 


a = 3 


a = 4 


^ ^ ^ ^ £?Z! 

dx dy c dt /3c 

dP^ dPy dP^ PO 

dx dy dz /3 


14.8 


When the velocity of charge is small, v^/c^ is negligible compared with 
unity and jS = 1. 

Since is skew symmetric, the last set IV only apparently contains 
4^ = 16 equations. Four of these (when a = /3) are 0 = 0, while six of 
the remaining twelve only repeat the other six with a negative sign. 

In going over from the primitive (rectangular) reference frame 
hitherto considered to a rectilinear frame, or from a stationary to a 
uniformly moving reference frame, these tensors can be transformed in 
a routine manner by the formulas previously given, but the conven- 
tional forms cannot. 

When curvilinear or accelerated reference frames are introduced, 
these equations have to be generalized again, as will be shown in 
Chapter XXXL 
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THE FIELD EQUATIONS OF MAXWELL 


EXERCISES 


1. Write out the three-dimensional form of equations 14.1-14.4. 

2. Write out the four sets of four-dimensional equations 14.7. 

3. Let the following C change rectangular axes to cylindrical axes 



(a) Find along the cylindrical axes (pa, Sa, F^^, and 

(b) Establish Maxwell’s equations along the cylindrical axes. 






PART II 


ROTATING MACHINERY 




CHAPTER 15 


GENERALIZATION POSTULATES * 

A Preliiniiiaiy Postulate 

The purpose of mathematics is to express as long a train of thought as 
possible with as few symbols as possible. 

Suppose, in performing an experiment, it is found that a spring with a 
spring constant 10 is elongated 2 inches by the application of a force of 
20 pounds. That relation is written as 20 = 10 X 2. When 30 pounds 
is applied, the elongation is found to be 3 inches or 30 = 10 X 3. For 
the infinite possible applied forces and for the infinite variety of spring 
constants a separate equation has to be written. 

Algebra introduces the following labor-saving symbolism. Let all 
the possible displacement be denoted by the spring constants by 
and forces by /. Then all possible measurements may be expressed 
as/ = kd. That is, it can be postulated that: 

An infinite variety of arithmetic equations may he replaced by one alge- 
braic equation of the same form if each number is replaced by an appro- 
priate letter. 

Such a replacement shortens the analysis of a problem and offers a 
better visualization. Nevertheless, at the end of the analysis all letters 
have to be replaced again by numbers and a certain amount of numeri- 
cal work performed in spite of the intermediate use of algebra. 

By long usage this generalization postulate has become second nature 
to the engineer, and he hardly ever stops to think of it as such. 

The First Generalization Postulate 

Let a particular network with n meshes be given. For the first mesh 
an algebraic equation of the form ex = ziii may be written (in con- 
formity with the preliminary postulate) ; for the second mesh, ^2 ~ 22 ^ 2 / 
and so on. Instead of writing n equations and manipulating them, the 
analysis may be simplified by introducing a new symbolism the follow- 
ing way. 

Let all the n mesh currents, • • • be arranged as a 1-matrix and 
denoted by a single symbol i, similarly all the n impressed voltages by e. 

* T.A.N., Chapters II and III. 
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GENERALIZATION POSTULATES 


Also let all the rP' self and mutual impedances be arranged as a 2-matrix 
and denoted by Z. Then the n algebraic equations may be replaced by 
the single matric equation e = Z*i. That is, it can be postulated that: 

The n algebraic equations describing a physical system with n degrees of 
freedom may he replaced by a single equation having the same form as that 
of a single unit of the system^ if each letter is replaced by an appropriate n- 
matrix. The manipulation of the matric equation follows closely that 
of the algebraic equation. 

Such a replacement shortens the analysis and offers a better visuali- 
zation than the original n equations. Again, at the end of the analysis: 

1 . The ?z-matrices must be replaced by their elements of algebraic 

letters. 

2 . The letters must be replaced by numbers. 

The Second Generalization Postulate 

Instead of one particular network let, say, all the possible stationary 
networks with n meshes be given. The matric equation of the first net- 
work is ei = Zi«ii (in conformity with the first generalization postu- 
late); that of the second network, 62 = Z 2 *i 2 ; and so on. Instead of 
analyzing each network separately, it is possible to develop equations 
that are equally valid for all these networks by introducing the follow- 
ing symbolism. 

First let the whole group of all possible transformation matrices 
Cl, C 2 * • • = be established (at least, it must be known how to 
establish them if and when they are needed) that transform any one of 
the networks into any of the others. If, and only if, these C's are 
known, then let the totality of all the current matrices ii, i 2 • • • be de- 
noted by the contravariant vector (tensor of valence 1 ) all voltage 
matrices by the co variant vector and all impedance matrices by the 
tensor of valence 2 , Za^. In that case the large number of matric 
equations may be replaced by the single tensor equation ea = Za^^ (or 
in direct notation e = Z*i). That is, it can be postulated that: 

If the matric equation of a particular physical system is known ^ the same 
equation is valid for a large number of physical systems of the same natuie 
{for which a group of transformation matrices may be established) if 
each n-matrix is replaced by an appropriate tensor. 

It cannot be sufficiently emphasized that the key to the tensor equa- 
tion is the existence of the group of transformation matrices with 
the aid of which the ordinary equations of any system can be changed 
at will to those of any other system. It is incorrect to say that a matric 
equation is valid for, say, all networks. In order that a symbolic equa- 
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tion, say Z' = Zi — should be valid for all networks, it is 

absolutely necessary to know how to establish the components of each of 
the symbols Zi, Z2} Z3, Z4, and Z' for any particular network with the 
aid of C from those of any other network by means of definite laws of 
transformation. But, if C is known, and Zi, Z2 • • * each has definite 
laws of transformations, the latter symbols are not ‘'matrices” but 
“tensors,” actual physical entities. 

Once the solution to a problem is expressed in a tensor equation, 
again, for any particular physical problem: 

1. Each tensor must be replaced by the components along the 

reference frame in question, namely, by an 7z-matrix. 

2 . Each w-matrix must be replaced by its algebraic letters. 

3 . Each letter must be replaced by a number. 

Further Generalization Postulates 

Since the second postulate refers to physical systems of the same nature 
(or reference frames of the same nature), the question arises what 
happens if the physical systems are of different nature; say one is a 
stationary network, the other a rotating machine ; or one has a recti- 
linear, the other a curvilinear, reference frame. For such extensions 
further generalization postulates can be established that will be cov- 
ered subsequently. 

In general, the greater the saving in thought and labor in the inter- 
mediary steps, the more routine work has to be left to be performed at 
the end of the analysis. In the solution of any problem about the same 
amount of numerical work has to be performed with or without the use 
of algebra; the same is true about the use of tensors. Both algebra and 
tensors are thought-saving and not arithmetic-saving tools. They 
avoid the necessity of learning a new trick for every problem. 



CHAPTER 16 


THE PRIMITIVE ROTATING MACHINE * 

Reasoning with the Aid of the Generalization Postulates 

Let a single coil, in which the instantaneous current i flows, move 
with an instantaneous velocity pS in a magnetic field. A stationary ob- 
server is able to establish from several numerical experiments (with the 
aid of the preliminary postulate) algebraic equations for the voltage and 
torque in the coil. These equations are 


dip 

e - Ri ~ BpB 
dt 

16.1 

II 

Si 

16.2 


where ^ is linkage of the coil and B is th^jiux density (different 

from (f) that the coil cuts. 

Let a particular rotating machine with stationary reference frames be 
considered, say an amplidyne, in which several coils have the same in- 
stantaneous velocity pd. (To simplify the problem, first the equations 
of one machine are developed so that only one pB occurs, also only sta- 
tionary reference frames. The extension for several pB and for rotating 
reference frames requires more advanced concepts of tensor analysis.) 

By the first generalization postulate, in terms of matrices the above 
equations assume the form 


e = R.i + ^ + Bpe 

at 

16.3 

/= i-B 

16.4 


where e, L and B become l-matrices and R becomes a 2-matrix. 

By the second generalization postulate, the equations of all rotating 
machines with stationary reference frames become, in terms of tensors, 

e = R.i+^ + Bi)0 + ^ + 16.5 

at at 

/=i-B / 16.6 

* A.T.E.M., Part III, p. 24. 
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if, and only if, the group of transformation matrices exists by which 
the equation of any machine may be established from that of any other. 

It should be noted that the reference axes are restricted to be all of 
the same type, namely, all stationary in space. 

The Method of Attack 

{a) The second postulate suggests that, in order to establish the 
equations of any machine, first from the fundamental laws of electro- 
dynamics let the equations of another machine y say the ''primitive'' 
machiney be established whose equations are comparatively easy to deter- 
mine. Then, by setting up a between the primitive machine and 
any other machine, the equations of the latter can be established in a 
routine manner, without starting its analysis all over again from 
fundamental laws. 

The study of rotating machines (just like the study of general net- 
works) will consist then of three main steps : 

1. The establishment of equations of the primitive machine. 

2. The establishment of C for each machine, showing how the 

given machine differs from the primitive machine. 

3. The routine determination of the performance of any machine. 

(&) Because for special types of machines special labor-saving devices 
can be introduced, the study of some of these will also be undertaken. 
All the labor-saving methods for general networks will be used in ro- 
tating machines, in addition to new ones. These old devices are : 

1. Permanently short-circuited meshes (with or without impressed 
voltages) are eliminated. This step decreases the number of variables, 
without, however, changing the degree inp — d/dt. 

2. Magnetizing currents are eliminated. This step decreases the 
number of variables, also the degree m p — d/dt. 

3. Hypothetical design constants (such as “bucking” reactances) are 
introduced. This step decreases the number of design constants. 

4. Hypothetical reference frames (such as “symmetrical compo- 
nents”) are used. This step decreases neither the number of variables, 
nor the degree in py nor the number of design constants. However, it 
decreases the number of terms (components of Z) and thereby simpli- 
fies the inverse calculations. 

5. In balanced polyphase machines all but one phase are eliminated. 
This step decreases greatly the number of variables, the degree in p, 
the number of design constants, and the number of terms. 
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Represeatatioii of a “Layer of Winding” 

The primitive rotating machine consists of a cylindrical stator and a 
rotor, each equipped with several concentric layers of windings. The 
stator has two salient poles; the rotor is smooth. The 
simplest element is now not a ^‘coiP’ but a 'layer of 
winding.” For the sake of simplicity, a two-pole, two- 
phase machine is considered. 

On the stator a layer of winding will usually be rep- 
resented by two coils, one on the salient pole and 
another at right angles to it between the two poles 
re^ntation of ^ layer of winding will be rep- 

stator and rotor ^^sented by a closed drum winding with two sets of 
layer of winding, brushes on it, one along the field pole (direct axis) and 
one at right angles to it (quadrature axis). Through 
the direct axis brush flows through the quadrature axis brush 
flows (A machine with a structure such as Fig. 16.3 is, for 
instance, the amplidyne.) 



Phase-Wound and Squirrel-Cage Rotors 

{a) D-c. and a-c. commutator machines do have rotor layers of wind- 
ings equipped with commutators. It can be shown that phase-wound 
and squirrel-cage rotors also can be represented by a closed drum wind- 
ing with two hypothetical sets of brushes at right angles in space, that 
serve as reference axes. 

If a cross section is made of such a winding, it can be assumed that at 



Fig. 16.2. Representation of i and e. Fig. 16.3. Physical representation of 

and 


any one instant the current-density wave is sinusoidally distributed in 
space (Fig. 16.2a). This current will be represented by a vector i drawn 
in the direction of the flux produced by the current. As time goes on, 
this vector changes its magnitude and direction. The projection of this 
current (or rather m.m.f.) vector along the salient pole (direct axis) will 
be denoted by and along the interpolar space (quadrature axis) by 
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Similarly an instantaneous generated voltage e in the winding (Fig. 
16.2&) will be assumed to be sinusoidal in space and is represented in 
exactly the same manner as the current i. 

{h) A physical interpretation may be given for and by assuming 
two hypothetical sets of brushes on the rotor (Fig. 16.3). Then is 
assumed to flow through the direct axis brushes and through the 
quadrature axis brushes. Only in commutator machines have these 
brushes actual physical existence; in synchronous and induction ma- 
chines they serve only as a reference frame along which the actually 
existing current vector is projected. 

{c) To summarize, in the rotor of a commutator machine and 
each has actual physical existence, but their resultant in space, i, is 
hypothetical. On the other hand, in a phase-wound or a squirrel-cage 
rotor the resultant i has an actual physical existence, and its two 
components, and are hypothetical quantities. 

The Primitive Machine 


A rotor layer of winding with true or hypothetical brushes may be 
considered to consist of two hypothetical coils at right angles (Fig. 16.4). 



ia) (b) (c) id) 

Fig. 16.4. Four different representations of a rotor layer of winding. 


While the conductors forming these coils rotate, the resultant coils be- 
tween the brushes are stationary ; that is, the coils are composed of dif- 



(a) (b) 

Fig. 16.5. The primitive machine with four layers of windings. 

ferent conductors from instant to instant. (In practice the coils are 
shown by dotted lines. Fig. 16. 4d,) 
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Since every layer of winding may be represented by two coils at right 
angles, the “primitive” machine consists of tw'o sets of coils at right 
angles in space (Fig. 16.5). To simplify the equations, usually only one 



(a) (b) 

Fig. 16.6. The primitive machine with two layers of windings. 

layer will be assumed on the stator and one on the rotor — four coils alto- 
gether (Fig. 16.6). The generalization of all equations from four coils 
to n coils is obvious. 

Generated Voltages 

(a) In the primitive machine let a current flow in the stator direct 
axis winding in the positive direction (producing a positive flux), and 
let the rotor rotate clockwise. The question to be investigated is : What 
are the voltages induced and generated in the four windings due to the 
presence of the single current. The self-inductance of the coil is 
its mutual inductance with the rotor is Md (Fig. 16.7). 



E ind 

Fig. 16.7. Current Fig, 16.8. Induced and generated 

flows. voltage due to 


1. Assuming the rotor stationary and the current varying, voltages 
are induced only along the direct axis windings ds and d^. In the stator 
dg appears e = Ld$pi^\ and between the direct axis brushes dr appears 
e “ 

2. Assuming the current constant and the rotor rotating with a 
velocity pd, generated voltage exists only between the brushes along the 
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quadrature axis qr, namely, e = where is different from 

Md and represents the proportionality factor between the generated 
voltage e and p6. This factor will be called here the “mutual 
inductance” between the axes and qr due to the existence of rotation. 
The proportionality factor between e and pQ will be called here 

the “flux-density wave” B, 

In a commutator machine all these induced and generated voltages 
can be measured and the constants Lds, Ma, and M'^ ascertained by test. 
In a phase-wound or squirrel-cage motor these constants can also be 
determined from measurements or design data. In the latter machine 
the corresponding induced and generated voltages can be represented 
by Lenz’ law as space vectors, as shown in Fig. 16.8. 

These internal generated voltages due to (also the resistance drop) 
may be tabulated as 


Bds — ( Yds BdstP^i^^ 

Edr = —Mdpi^^ 

E^r = Mdpei^ 

= 0 





{h) If positive currents are assumed to flow in each of the four coils 
and the voltages due to the presence of each coil current are similarly 
tabulated, the resultant impedance matrix for the primitive machine 
becomes 


ds dr qr qs 


"^Yds EdsP 

— Mdp 

0 

0 

—Mdp 

Yr EdrP 


-M'spe 

Map 6 

LdrpQ 

1 

1 

-Mqp 

0 

0 

-Mgp 

Yqs Eqsp 


da 

dr 

qr 

q. 

16.8 


Eds 


Edr 


Eoi 


Eoi 


so that the generated voltage equation is = Zg*i. 

That is, the Zg of the primitive machine is the same as the Zg of a 
d-c- machine with two sets of brushes at right angles. 
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components, sometimes it is more convenient to assume the order 
dsj qs, dr, qr so that 



Component Tensors of Z 

(a) The above impedance tensor consists of the sum of three tensors: 

1. The coefficients of all p are denoted by L. 

2. The coefficients of all pB are denoted by G. 

3. The remaining terms are denoted by R. 


ds dr Qr Qa 

d. 

dr 

L = 

Qr 
qs 


1. The resistance tensor R contains the resistances of the four wind- 
ings. 

2. The inductance tensor L contains the self and mutual inductances 
of the four windings. (There is no mutual inductance between the 
direct and quadrature windings.) The inductance tensor L = La^ plays 
a fundamental role in tensor analysis and is called the “metric tensor.” 
In dynamical studies the metric tensor is denoted by and in geom- 
etry by 

3. The torque tensor G contains the mutual inductances existing 
because of rotation (such mutuals exist only between d and q coils). 

(W In terms of the three tensors 

Z = R + I Za^ = -f- Lcc^p + pBGafi 




16.15 
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SO that e = Z*i may be written as 

e = R*i + L-;^i + p$G*i [ ea = + La^pi^ + pOGa^i^ 16.16 

Physical Tensors 

(a) From the basic tensors R, L, and G (containing design con- 
stants) , other tensors may be derived expressing physical entities. Two 
of these tensors are: 

1. The flux-linkage vector representing the resultant flux linkages 
of each winding 

^ = L*i I cpa ~ 16.17 

2. The flux-density vector B representing the resultant flux density 
cut by each coil 

B = G-i \ Ba = 16.18 

In terms of these vectors 

e = R*i 4~ p(p + Bpd I e^ = 4“ P^a "h Bap^ 16.19 


(b) For the primitive machine 



The flux-density vector B represents only the rotor flux densities that 
produce generated voltages and torques. The stator flux densities play 
no role in these equations. 

In terms of ^ and B the equations 16.19 of the primitive machine are 
eds = + p<pds 

€dr ^ rfi -f- pipdr 4" BdrP& 

16.21 

Bqr = r^i^ 4 “ P^qr 4 “ Bq^pO 

Bqs = 4“ P^qs 

(c) Since the electromagnetic torque upon the rotor (in the direc- 
tion d) is 

/ = i-B 1 / = 16.22 
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substituting the value of B, the instantaneous torque is 

/ = i-G-i I / = 16.23 

The Rotation Tensor 

{a) In phase-wound and squirrel-cage rotors it is assumed that the 
current-density and flux-de*nsity waves are sinusoidally distributed in 
space. In that case M' = M and U = L, Also G may be expressed 
in terms of L as 



A similar relation exists between the flux-density wave B and flux- 
linkage wave (p 

B = I == 16.26 

d 


q 


Fig. 16.9. Rotating a vector by 90° 
with the aid of 7^. 



ih) The tensor 7 is called the ''rotation tensor” as it rotates a vector 
in space by 90 degrees. For instance, if in Fig. 16.9 



Hence in each layer of winding the flux-density wave B is at right 
angles in space from the flux-linkage wave p. 
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(c) In a commutator machine “Ht has no existence, G has no relation to 
L, and B is independent of tp. 

More General Forms of Z 

{a) When the rotor rotates in the opposite direction (counterclock- 
wise), Fig. 16.10, then pB becomes, negative and 


ds dr Qr Qs 



Fig. 16.10. Primitive machine of Z. 


The equation of voltage becomes 

e = Z*i == R*i + — "Bps ] Ca = Za^i^ = Ra^i^ + P^a ““ RapB 16.28 

ih) When zero-phase sequence currents flow in the stator layer, or 
rotor layer, or both, an extra row and column are introduced in Z for each 
zero-sequence current and an extra coil in the primitive machine. Then 


dfi dr C[r Qs Og Or 



That is, now three axes exist on each layer of winding, d, q, and 0. 
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(c) With two layers of windings on the stator and rotor, Fig. 16.5 
(but no zero-sequence currents), the Z is shown in equation 16.30. All 
components containing p represent L; those containing pd represent G; 
and the rest, R. 

Axes Fixed to the Rotor 

(a) It is a property of the laws of electrodynamics that they depend 
only on the relative velocities existing between the reference frames, the 
electromagnetic field, and the material bodies lying in the field. 

In the primitive machine of Fig. 16.6 (having the Z of equation 
16.10): 

1. The four reference axes and the salient pole are stationary. 

2. The smooth structure rotates clockwise. 

Hence the same Z is valid also if : 

1. The smooth structure is stationary, 

2. The four reference axes and the salient pole rotate together 

counterclockwise (Fig. 16.11). 

{h) Such a case occurs in synchronous machines (Fig. 16.12) ; hence 
the Z of equations 16.10 and 16.30 are equally valid for them, if the sub- 



Fig. 16 . 11 . Relative rotations of a Fig. 16 . 12 . Equivalence of induction ma- 
salient and smooth structures. chine and synchronous machine structures. 

script ^ refers to the salient pole (now the rotor) and the subscript r to 
the armature (now stationary). 

However, synchronous-motor engineers assume that the salient pole 
(and the reference frame) rotates clockwise (or rather from d to q) ; 
hence it is the Z of equation 16.27 that corresponds to this convention. 
Since usually amortisseur windings (axes k) exist in both direct and 
quadrature axes, a primitive machine with at least five axes appears in 
synchronous-machine studies. Hence extending equation 16.27 in the 
manner of equation 16.30, and replacing the subscripts sby f (field) and 
k (amortisseur) also r by a (armature), the Z to be used in synchronous 
machine studies is 
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df 

dk 


q* 

If G is formed (Table V) from the coefficients of pB in Zg (equation 
16.31), then i*G-i = i-B represents the electromagnetic torque on the 
stator in the direction 6 since B now represents the flux-density wave of 
the stator. 

It may be mentioned that the direction of q may he reversed as shown 
in Fig. 16.13d:, and a counterclockwise rotation {still from di to (f) may he 
assumed. All equations, however, 
remain the same with both con- 
ventions. 

{c) When several machines are 
interconnected, some rotating 
clockwise, some counterclockwise, 
then appropriate Z (or Zg) has to 

be used for each. For future ref- different representa- 

rr^ 1 1 T 7 1 T_ tloHs of sl sviichronous machine, 

erence. Table V has been con- 
structed .for Z and Zg containing two directions of rotation. For each 
type of machine and for each direction of rotation Z = —Zg. 

(d) Even though the Z of a synchronous machine refers to a reference 
frame that rotates, inasmuch as the four axes are relatively stationary with 
respect to each other both cases will be called “stationary” axes, meaning 
“relatively stationary” axes. The expression “rotating axes” to be 
introduced later on will mean “relatively rotating” axes; that is, it will 
represent the case where there is a relative rotation between the axes 
themselves. (The equation e = R*i + + 'BpB is not valid for that 

case as will be shown later.) 

Unless otherwise stated, the Z and direction of rotation of Table Va 
will be assumed as those of the primitive machine. 

Torque in Machines with Smooth Air Gap 

{a) The torque / = i«B may also be written (if i^ = stator currents 
and if == rotor currents) : 

/ = i-B = i,,-B = v-G- (ir + is) 
since B links only the rotor axes. 



df <i^ da qa q^- 


1 

1 

— Mfkp 

— Mfdp 



— Mfkp 

—Tkd — LkdP 

— Midp 



— Mfdp 

— Mkdp 

1 

1 

Lgpe 

MkqpB 

— MfdpG 

— MkdpO 

—LdpB 

-r - Lgp. 

— Mkqp 




— Mkqp 

% 

4 

1 

1 


16.32 
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The G tensor can also be divided into two components Gs and Gr 

G Os + Gr 16.33 



so that 

/= i,-G,-is + ir-G,-ir 16.35 

(b) Now, if the machine is smooth, Lqr = Ldr = Lr, and the torqtie 
due to the rotor currents alone is zero. 

i,-G,-v = = 0 16.36 

and the torque becomes 

/ = ir'Gfi-is 16.37 

In machines with salient poles, the torque 

/ = i.-G,-i, = - Ldr) 16,38 

is the so-called reaction torque introduced by the saliency of the poles. 

(It must be remembered, that Gs and Gr are no longer tensors and 
they cannot be introduced if, for instance, the equations are intended 
to be used for establishing equivalent circuits.) 
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TRANSFORMATION TENSOR* 

Interconnecting Coils 

(a) The primitive machine consists of several isolated coils, each with 
an e.mi. (mostly of zero value) impressed upon it. It differs from the 
primitive stationary network only in one respect. Its coils are arranged 
at right angles in space, thereby having mutual inductances only be- 
tween coils along the same axis (as if it consisted of two isolated multi- 
winding transformers). Because of the permanent spatial arrange- 
ment, it is not necessary to denote the ends of the coils by 1-2. 



(a) (b) (c) 

Fig. 17.1. Representations of a short- Fig. 17.2. Representation of a squirrel- 
circuited brush set. cage winding. 

If the stator and rotor coils of one or more primitive machines are in- 
terconnected in any manner with each other or with some stationary 
network, the steps in establishing C are exactly the same as in sta- 
tionary networks. 

(b) A set of brushes short-circuited upon itself is represented by a 
heavy line, Fig. 17.1. 

A squirrel-cage winding is represented by two sets of short-circuited 
brushes at right angles (Fig. 17.2). 

The Tum-Ratio Transfonnation C 

(a) If the constants of the primitive machine are calculated by as- 
suming that all coils have the same number of turns, then when two 
coils are connected in series, their turn ratio must be considered. 


AS,E.M,, Part III. 
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THE TURN-RATIO TRANSFORMATION C 
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Let the current in a conductor be i (Fig. 17.3). If the conductor is 
subdivided into n small but equal conductors, the current in each is i\ 
so that the relation 

i = ni' 17.1 



Before After 

subdivision, subdivision. 


Q S Oo 
b ! 

nc n<j 
c 4 


Fig. 17.3. Changing the number of Fig. 17.4. Coils with different number 

turns. of turns. 


represents the transformation of increasing the number of turns of a 
coil by n. When in the primitive network of Fig. 17.4 coil b has unit 
turns, while the others have a different number, then 





a' 

b' 

c' 

d' 

= 


a 

na 




II 


b 

Cl- 

c 


1 



i‘ = 




nc 


II 


d 




Ud 


17.2 


If the coils are now interconnected by C 2 , then C = Ci*C 2 . 



(a) Given network. (b) Primitive system. 


Fig. 17.5. Interconnection of a rotating machine with a stationary network. 

Because of the simplicity of Ci, it is usually possible to set up Ci *€2 
in one step. When in doubt, C should be set up in two steps. 

(b) For instance, let a motor be interconnected with a stationary net- 
work as shown in Fig. 17.5a. 
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The primitive network has eight currents (one for the impressed 
voltage that happens to have zero impedance in series with it). The 
given network has five currents. Equating the old and the new currents 
flowing in each coil (assuming coils d^, dr, qrj and a to have unit turns) 


t t , 

d-s dr Qr Qj? C 



In many rotating-machine problems the primitive system is so obvi- 
ous that it is not necessary to make a special drawing such as Fig. 
17.5^. 

Rotation of the Rotor Reference Frame 

(a) There is one procedure that is performed with the coils of the 
primitive machine, but not performed with the coils of the primitive 
stationary network, and that is the rotation of the coils in space, or 
rather the rotation of the brushes in space. (In stationary networks 
the spatial position of the coils was not considered.) 

The following analysis is valid in commutator machines only approx- 
imately, as the current-density and flux-density waves are assumed to 
be either sinusoidal or at least replaceable by a sinusoidal wave for each 
position of the brush set. In the latter case all angles are not true, but 
equivalent angles. 

(&) Let a cross section of a rotor layer of winding be taken, Fig. 1 7.6a, 
and let it be assumed that at a certain instant the current vector i is at 
the position shown. If the machine is the primitive machine, i is pro- 
jected along the d and q axes to give and (Fig. 17.66). 

In many actual machines the two sets of brushes m and n are at a 
constant angle a from d and q; hence in them i is projected along m and 
n as iT' and That is (Fig. 17.6c), 

1. The old projections of i are and 

2. The new projections of i are and 
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(c) The problem is to express the old components and in terms 
of the new components and 
From Fig. 17.6<i it is evident that 

m n 



(a) Current (b) Old (c) New (d) Old projections 

vector. projections. projections. in terms of new. 

Fig. 17.6. Projecting the current vector i upon two sets of reference frames at an 

angle a. 

The coefficients of the new currents give C that changes the current 
components from d and q to m and n but leaves the current vector i 
itself invariant (unchanged). 

Special Cases 

With one set of brushes m on the rotor (Fig. 17.7) = 0 and 


m 



M (b) (a) {b) 

Fig. 17.7. One set of brushes i = Fig. 17.8. Brushes shifted at different 

angles, i — i”. 

When one of the sets of brushes is shifted by an angle a, the other by 
an angle jS (Fig. 17.8), then 
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m n 

^ ^ cos a — sin i3 d 

C = 

^ sin a + cos jS q 


When the angle of the set of brush (the reference axis) is not a con- 
stant a but a function of time d, the C is the same as above except that 
a is replaced by 

With four sets of brushes on a layer of winding (Fig. 17.9) it will be 


cos a 

—sin /S 

sin a 

cos ^ 



(a) 





Fig. 17.9. Four sets of brushes on a layer i -f 


assumed that the resultant current i is the sum of the currents flowing 
through the four sets. Hence 


m n p r 


cos a 

—sin a 

cos jS 

—sin jS 

sin a 

cos a 

sin jS 

cos /3 


Establishing C in Several Steps 

When the brushes are rotated and interconnected with other coils, it 
is better to perform the transformation in two steps. First, the brushes 



Fig. 17.10. Leblanc 
advancer. 



Fig. 17.11. Shifting the brushes 
by an angle a. 


are rotated by Ci, then interconnected by C 2 . The product Ci *02 per- 
forms both operations at the same time. With other complications 




ROTATION OF THE STATOR REFERENCE FRAME 
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(such as different turn ratios) additional C’s may be established. For 
instance, let C for the Leblanc advancer (Fig. 17.10) be developed in 


three steps: 

1. Changing the turn ratios. 

ds df 


a 





1 





1 





a 



= ai^ 

d. 


= 

dr 



Cl = 


= j*’’ 

qr 


= 

qs 


17.8 


2. Shifting the brushes (Fig. 17.11). 


cos a -- sin a 

jqr _ jm g* a + COS a 


C 2 



d. 

m 

n 

qs 

ds 

1 




dr 


cos a 

—sin a 


qr 


sin a 

cos a 


qs 




1 


17.9 


3. Interconnecting coils. 




d. 

<ls 


d. 

q* 

II 

d. 

1 


d. 

a 


II 

m 

C 3 = 

n 

1 


d. 

C = Ci*C2*C3 — 

qr 

cos a 

—sin a 

II 


1 

sin u 

cos a 

II 

qa 


1 

qa 


a 


17.10 


The resultant C is Ci*C 2 *C 3 . 

Rotation of the Stator Reference Frame 

(a) It should be noted that, while a rotor layer of winding is assumed 
to be symmetrical around the circumference, on the stator the d winding 
(the d component of the layer) has different constants from the q 
winding. Hence, when the stator windings are shifted at an angle a, 
the rotor transformations have to be modified. 
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A stator winding m shifted at an angle a (Fig, 17.12) has to he con- 
sidered to lie on a separate layer from the other windings, and it has to be 
derived from a primitive machine having an extra stator layer with a 
d and a q winding. 

ds2 ni 



Fig. 17.12. Stator coil at an angle. 


Fig. 17.13. Shaded-pole motor. 


For instance, C of a shaded pole motor is (Fig. 17.13) 


^da2 _ ^ds2 

i^^^ = COS a 
^drl ^ ^drl 

^Qrl ^ ^qrl 

- i^ sin a 



ds2 

m 

drl 

qri 

<1^2 

1 




dsi 


cos a 



o 

II 



1 


qn 




1 

q«i 

1 

sin a. 




17.12 


(h) If the stator has a winding with the same constants along the d 
and q axes (as in a polyphase induction motor or alternator), then the 
reference frame on such a winding may be shifted in exactly the same 
way as on the rotor. 


The Unit Transformation Tensor 

(cl) Many standard machines are identical with the primitive ma- 
chine, containing various numbers of layers with various numbers of 
axes. For such machines the transformation tensor consists of the unit 
tensor having different numbers of axes, as shown in Table VI. Of 
course in such machines is not found by -Z *0 but is simply picked 
out of Z of the primitive machine (Table V) by removing various rows 
and columns. 





THE UNIT TRANSFORMATION TENSOR 
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TABLE VI 

Rotating Machines with Unit (or Diagonal) Transformation Matrix 



Split- Phase Induction Motor | Alternator with No Amortisseur 
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For instance, for the single-phase induction motor (Fig. 17.14) Z' is 
found by simply removing the row and column of from Z of the 
simpler primitive machine, equation 16.10. 



17.13 


For the double squirrel-cage induction motor (under unbalanced op- 
eration, say a sudden short circuit on one of the stator phases), Z is 





Fig. 17.14. Single- 
phase induction 
motor. 


given in equations 16.30. (For balanced polyphase operation this Z is 
simplified as will be shown presently.) 

{h) In some cases, such as the split-phase induction motor (Table 
VI-5), the unit tensor has to be multiplied by a turn-ratio tensor. That 
is, the diagonal units are replaced by constants. 

A capacitor motor is the same as the split-phase (or asymmetrical) 
induction motor with a condenser IfpC in series with axis qs that, of 
course, is simply added to Lq^P (without the intermediary step of 
CrZ.C). 




CHAPTER 18 


PERFORMANCE CALCULATIONS 
Calculation of the Currents 

(a) In most machines the interconnection of coils has such a simple 
form that the e' vector of the given network can he written down immedi- 
ately without the intermediary step of e' = C^e* 

(&) The form of Z' depends on the components of the impressed volt- 
age. The components of e' may in general assume three different 
forms: 

1. In sudden short circuits they contain the Heaviside unit func- 
tion 1. 

The Z' calculated by CrZ*C is used without any change. In all 
machines with stationary reference axes Z' is not a function of 6 and Y' = 
Z'“^ can be solved with the aid of the expansion theorem without any further 
operational transformation (such as shifting). That is, with the present 
method of attack the sudden short-circuit calculation of all rotating 
machines with stationary axes (if their speed p6 is maintained constant) 
is reduced to the simplicity of analysis of stationary networks with 
lumped resistances and inductances. 

2. In a-c. steady state the components of e' contain complex numbers. 

In that case all p in Z' become j’oj, where a? is the frequency of the im- 
pressed voltage. Hence: 

(a) All induced voltage terms become 

pL ~ joiLs = jXs and pM = jo^M = jXm 18.1 

(5) In all generated voltage terms, pd becomes z/co, where v = (actual 
r.p.m.) /(syn. r.p.m.) and 

pBLsd = = vXs and pBM = voM == vXm 18.2 

3. With d-c impressed voltages, the components of e' are constant 
and p = 

The currents in all cases are found by i' = Z'“^ • e'. 

Calculation of Torque 

{a) The torque tensor G' may he established quickly by simply consider- 
ing those components of Z' that contain pd. In case of doubt G' is estab- 
lished from G of the primitive machine by CrG“C. 
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(b) Once i' and G' have been calculated, then: 

1. In sudden short-circuit or d-c* calculations the instantaneous 
torque is 

i'-G'-r 18.3 

2. In a-c. steady-state calculations the steady component of the 
torque is from / = i**B (in analogy with the definition of P = i**e). 

/ = real part of i**Gcu*i 18.4 

The oscillating component is found if each component of i is substi- 
tuted not as a complex number ii + ji 2 but as an instantaneous value 
sin oit + i 2 cos a?/). The resulting expression will contain both 
steady and oscillating components. 

03 is introduced to express the torque in synchronous watts. The 
total torque is changed from synchronous watts Tsw to pound-feet 
Tps hy 

_ ^ 33,000(number of poles) 

27r(2 X 60 X frequency) 746 

Example of a Repulsion Motor 

(a) As an example let the transient and steady-state equations of the 
repulsion motor (Fig. 18.1) be established. The transformation tensor 
is 


ds a 



{a) Repulsion motor. (Jb) Its primitive. 
Fig. 18.1. 


The Z of the primitive machine is (because of the smooth air gap Ldr 
= Lqr = Lfi etc.) 
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ds 

dr 

qr 


d. 

a 

rs -f- Lap 

Mp 

0 

ds 

rs + Lap 

Mp cos a 

Mp 

Ta + Lap 

Lrpe 

Z-C =dr 

Mj, 

(Tr -}- LrP) COS a -j- Xr sin a pd 

—Mpe 

-Lrpe 

Tr -j“ Lrp 

qr 

—Mpe 

•—Lr COS apB iff -j- Lrp) sin a 



da 


a 

da a 


fa -f- Lap 

M cos a p 

M(cos a p — sin oc p6) 

Yr -jr Lrp 




— M sin a 



18.7 


The torque tensor is found by taking the coefficients of all pd, 

(b) Let a unit function be impressed on the stator (that is, let the 
stator be suddenly short-circuited). Then 


ds a, 


{Tt -}“ Lrp)/D 

— if cos a p/D 

— if (cos a ^ — sin a p6)/D 

(rr + Lrp)/D 


where 


D — (LgLr — cos^ a)p^ + (rrLg + fsLr + sin a cos a pB)p + 

If the determinant is equated to zero, self-excited currents flow with- 
out the presence of an e.m.f. when the coefficient of the p term becomes 
zero. That may occur when a becomes sufficiently negative, so that 


TfLs + TsLr = sin a cos a pd 
With an applied e.m.f. 

d 


(fr “h LrP) el 

if (sin a pd — cos a p)e\ 

D 

D 


18.9 


Since a and pB are constant, the currents can be solved by the expan- 
sion theorem. 

Once the currents and z® have been found, then the instantaneous 
torque is 

/ = M sin a i® 


18.10 
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(c) When an a-c. terminal voltage is applied on the stator, then, 
replacing p by joi and pd by vo), 


V = 


da 


r* +jXs 

jXm COS a 

Xm(j cos a — sin a) 

Yf + jXr 


e' 




(rr+jXr)ID 

— JXw cos a/D 

X,n(sin av — j cos a) /D 

(r. +jX,)/D 


18.11 


where 

D = + X\^ cos^ a — + jir^Xs + r^Xr + sin a cos a). 


i' = Y'«e' 


(rr+jXr)e 

X,n(sm oiv --- j cos a)e 

D 1 

D 



d. 

a 





By the torque is the real part of 


f 


eXmjsin av + j cos a) 
D* 


{■^Xm sin a) 


e(rr+jXr) 

D 


18.12 


18.13 


or the torque in synchronous watts is 

j _ sin a {Xr cos a — sin a v) 

(v« + X\ cos^ a ~ + {frX^ + T^Xr + X^ sin a cos a v)^ 

18.14 

It should be noted that no rationalization is necessary as is a 
real number. 


Sign Convention of Central-Station Engineers 

{a) The sign convention of synchronous-machine engineers differs 
from that of induction- motor engineers in the following respect: 

1. The salient pole rotates instead of the armature; hence pd has 
opposite sign. 

2. Not the impressed voltage equation e == Z*i is written but the 
generated voltage equation 

or -e = -Z-i 
Zg of the primitive machine is given in Table V. 


18.15 








e,, DUE 10 INFINITE BUS 
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It is well to remember that: 

(a) The right-hand side of the equation, ZgT, represents all inter- 
nal generated voltages of the machine in question. 

(b) The left-hand side of the equation, e^, represents all voltages 
generated external to the machine in question. That is, = Zg*i 
represents the relation: 

External generated voltages ~ Internal generated voltages 

3. The symbols e and E represent not impressed voltages but gener- 
ated voltages, so that the components of eg have positive signs (thereby 
those of e negative signs) as 



d/_ 

da 

qa 

q/ 


d/ 

da 

qa 

q/ 

% = 

E 

ed 



e = -eg = 


-ed 


□ 


Hence the signs on both sides of their equations are the opposite of those of 
the equations as they would have been written by induction-motor en- 
gineers. 

4. The equations are written for the synchronous generator and not 
for the synchronous motor. 

Q)) In addition to the sign convention, the symbolisms of the engi- 
neers also differ. In particular, whereas induction-motor engineers use 
ohms and henries, synchronous-motor engineers use a per unit system. 

In that system the unit of time is not the second but the time it takes 
for the field to describe 1 radian. This unit is l/27r/part of the second; 
correspondingly all values of L in henries are multiplied by 2icf, Be- 
cause of the numerical identity of L and X, in the per unit system induct- 
ances are denoted by X instead of L. 

eg Due to Infinite Bus 

Since the armature axes and of a synchronous machine rotate, 
the armature components of eg, namely e^, and (equation 18.16), 
not remain constant as the load on the synchronous machine varies. The 
values of ea and Cq depend on the system to which the machine is con- 
nected. 

As one of the many possibilities, let an alternator (synchronous gen- 
erator) be connected to an infinite bus. An infinite bus may be con- 
sidered an alternator whose armature impedance r^ Ldr, Lqr is zero. 

It will be assumed that the field of the alternator leads the field of the 
bus by angle 5 = — ^ 2 - 
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From Fig. 18.2 the total internal generated voltage in the armature 
of the bus is e = —i^MpB and is due solely to its constant field excita- 
tion (as its r and L are assumed to be zero). Since Qg contains all 



Fig. 18.2. Synchronous machine connected to infinite bus. 

generated voltages that exist outside the given alternator, ea = ^ sin 5, also 
= e cos 5 ; hence 



d/ 

da 

Qa 

Q/ 

11 

E 

e sin 8 

e cos 5 

0 


All three components are constant. At no load 5 == 0, and as the load 
on the alternator increases, 8 increases. When the generator becomes a 
motor, 8 becomes negative. 

Since E along the field d/ is an external generated voltage, the current 
due to it, hence its field flux, is also negative, as shown in Fig. 18.2. 


EXERCISES 


1. Find C of the machines of Fig. 18.3. 



Fig. 18.3. 


are the transient currents i' in the stator 
torque? 


2. Find the transient Z' of the ampli- 
dyne. Find and i^. What is its 
torque in terms of i'^ and i”? 

3. What are the Z and G tensors of 
the synchronous machine with no amor- 
tisseur winding? 

4. Find the transient and steady- 
state Z' and G' of the repulsion motor 
in problem 1. 

5. If the stator of the above repul- 
sion motor is suddenly short-circuited 
(with p6 remaining constant), what 

and rotor? What is the instantaneous 




CHAPTER 19 


TRANSIENT STABILITY OF REGULATING DEVICES 
Small Changes in Currents 

{a) Interconnected rotating machines and stationary networks (in 
conjunction with mechanical devices) are used also in follow-up mech- 
anisms and regulators where they are called upon to bring some dis- 
turbed system back into equilibrium. During this corrective period a 
small change of current Ai is superimposed upon a steady-state value. 
But, as long as the speed of the rotating machines remains substantially 
constant^ the equation of the corrective device can he written during the 
change as 

Ae = Z-Ai 19.1 

where Z is calculated as shown hitherto. In such systems the deter- 
minant of the transient Z (containing p) may be investigated by 
Routh’s criterion (to be shown presently) to find out whether the sys- 
tem is stable or unstable during the disturbance. 

(&) When a regulator is used, the given system is divided into at least 
two parts: (1) the regulating device; (2) the system to be regulated. 
The Z of each of these may be established independently of the other’s 
presence, then recombined into a resultant system. 

Amplidyue Voltage Regulator 

(a) Let Z of the voltage regulator of Fig. 19.1a be established, whose 
terminals A-B are connected to the armature of an alternator (through 
a rectifier) and terminals C-D are connected to the field of the same 
alternator. 

The voltage-regulating device consists of an exciter whose field is in- 
fluenced by an amplidyne controlled through the winding 2. (This is 
only an idealized representation of the actual control.) A transformer 
acts as a stabilizer. 

if)) The resultant regulator is divided into its component parts, the 
'‘primitive system,” shown in Fig. 19.16. The Z of the primitive sys- 
tem is 


1AO 






{a) Resultant system. (b) Primitive system. 

Fig. 19.1. Ampiidyne voltage regulator. 


All induced voltages (p terms) of the ampiidyne may be neglected in 
many applications, similarly fa and La of the exciter armature. 

The stabilizer constants Tp, and M are calculated on the primary 
side, the latter having n times the secondary turns. That is, with the 
use of the turn-ratio tensor N, Z2 == where 












({;) The system of nine coils is interconnected into six meshes by 


f 2 3 q c p 



{d) The resultant system is by 

C^'Z'C = Cit*Zi*Ci + C2fZ2*C2 + Csf'Zs-Cs = 



The stability of the system may be investigated by equating the de- 
terminant of Z to zero. Routh^s (or other) criterion may be used for 
such studies. 
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Routh’s Criterion 

If the determinant of any transient Z is equated to zero, it can be ar- 
ranged in descending powers of p as 

+ 0-0 = 0 19.7 

where the o’s are real numbers. 

The steps in determining the stability of the system are as follows: 

1 . Write down the coefficients in pairs as 

19.8 

2. Form the following products with the aid of the first column and 
each of the other columns. 

= O4O3 — 05O2 j ^2 “ 04O1 O5O0 

(as many such products as there are extra columns besides the first). 

Now three rows of coefficients are available. 

05 03 a, 

04 02 00 19.9 

3 . Considering the last two rows only, the previous product formation 

is repeated. | 

4 . Considering again only the last two rows, the product formation is 
repeated until no more products can be formed from the last two rows. 

Now, if all the coefficients or are positive, the system is stable. 
If one of the coefficients is negative, the system is unstable. An unstable 
condition indicates that, if an oscillation starts for any cause, it will not 
damp out but will increase in magnitude. 

Usually one of the design constants is assumed to be variable and its 
limiting value is sought, which changes a stable system into an unstable 
one, or vice versa. 

Time Constants and Amplification Factors 

{a) In the transient-stability studies of control systems it is prefera- 
ble to replace r and L by other types of constants, called “time con- 
stants,*’ T = Ljr, and “amplification factors,” /x = LpOfr. For that 
purpose, in the equation of voltage 

e = R-i + L;^-i + pd G-i 19.11 

let i be replaced by R*i. That is, let the resistance drops 'Rnhe the vari- 
ables, instead of the currents i. Since multiplication by the unit tensor 
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j c= -R does not change the value of a tensor, equation 19.11 may 
be written as 

e = R-(R-^-R)-i + G-(R“^-R).i 

e = (I + L-R~^^ + i>0G-R-i)-R-i 

L-R“^ = T = time constant tensor 19.12 

= fi = amplification tensor 19.13 

Then the equation of voltage may be written in terms of them as 

e = (1 + + iJi)-R-i 19.14 

(b) Since R and R““^ are in general diagonal tensors, multiplication 
with R“^ is equivalent to dividing each column of Z by the resistance in the 
diagonal term. For instance, for equation 19.6, 
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where 4 = ^3 + and 4 = fc + + 'I'd- Introducing ju and T, 
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f 

2 

3 

q 

c 

P 

e" = 

Ae/ 

jiAea 






Since the row and column of q contains no T, it can be eliminated, 
thereby decreasing the number of ju’s necessary to define the system. 

Overall Amplification Factor 

{a) If the last four rows and columns (on which no voltages are im- 
pressed) are eliminated by Z' = Zi Z 2 *Z 4 ""^*Z 3 , the remaining 
terms can be written as 

Aef=-fxoAea 19.17 

where mo is a function o( Tp and m* The equation shows how much a 
change Aca (impressed on the control field) is amplified by the time it 
passes through the regulator, and it also shows how much it is delayed 
during the passage. (An ideal regulator approaches infinite amplifica- 
tion and zero time delay.) 

Eliminating the last four rows and rearranging, mo niay be expressed 
in the form 

U/5 

Ae/ rr— Aea 19.18 

\ 4- T t) A ^ 

{I + TaPKl + TdP) - TeTfP^ 

(h) By various simplifying assumptions the degree of mo in p may be 
decreased- For instance, if the leakage inductance of the stabilizer (and 
all inductances in series with them) is neglected, then in the denomina- 
tor 

{TcTd - TcTf)p'^ = 0 19.19 

and the degree of mo in P decreases by 1. 

(c) In the general case when the regulator is connected at several 
points to the system to be regulated, equation 19.17 is written as 

Aeo = Jt- ACi I Ae„ = A^ 19.20 

•where ji = is the overall amplification tensor representing the rela- 
tion between the output and input voltages. (The previous |i ex- 
pressed the amplification of each stage of the regulator.) 

In an amplifier the components of are positive; in a regulator they 
are negative. 
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EXERCISES 

1. Assume a shunt field along the short-circuited axis of the amplidyne voltage 
regulator, Fig. 19.2. Find Z of the whole system, G of the amplidyne, and the torque 
i.G*i in terms of the currents i. 



Fig. 19.2. Amplidyne voltage regulator. 

2. Find the T and H- tensors. 

3. What is the overall amplification factor of the system? 




CHAPTER 20 


ELIMINATION OF AXES 

Calculation of Z' and e' 

{a) Hitherto Z, e, and i had as many axes as the actual machine. In 
many machine problems (just as in stationary networks) attention is 
restricted to a few axes only. For instance, in a synchronous machine 
the phenomena, as viewed from the armature, are of primary impor- 
tance; hence the field axes d/ and q/ may often be eliminated. 

The elimination of axes is performed with exactly the same formulas 
as used before. If the axes of 62 and i2 (or ei and ii) are eliminated, 
then 

1. Z of the remaining axes is 

Zi = Zi — Z2*Z4^*Z3 I Z2 = Z4 — Z3*Zi^*Z2 20.1 

2. e of the remaining axes is 

~ j ©2 ~ — Zs’Zj^’ei 20.2 

so that the equation of voltage of the remaining axes is 

Cl = Zi’ii I 63 == Z2*i2 20.3 

3. When the current in the remaining axes has been found and later 
on the currents in the eliminated axes i2 are wanted for some reason, 
they are found by 

i2 = Z 4 ^*(e 2 — Z3*ii) I ii = Zi ^*(©1 — ^ 2 *^ 2 ) 20.4 

(b) In rotating machines it is often advantageous to place the term 
containing the eliminated voltages, namely, — Z3*Zp^*ei = — gi*ei, 
not on the left-hand side but on the right-hand side of equation 20.3. 
Then the eliminated voltages are considered not part of a new im- 
pressed voltage ©2 but part of the new internal voltage Z4*i2, so that 
the new equations are written (in place of 20.3) 

©1 = Zi-ii + g2'©2 I ^2 = + gi*©i 20.5 

where 

g2 = Za-zr* I gi = Zg-zr^ 20.6 
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That is, the eliminated terminal voltages are assumed to influence 
the values of R, L, and G (or (p and B) of the machine but not the 
terminal voltage e of the remaining axes. 

When some of the axes have been eliminated, the allowable transforma- 
tions on the new system become restricted. In particular no new axes can 
be introduced that have a different velocity from the remaining axes. 
On the other hand, the remaining axes can be interconnected with other 
machines or can be shifted by a constant angle 5. 

Calculation of and 

In rotating machines the question often arises, how to calculate the 
torque if some of the currents have been eliminated. 

Only two special cases will be considered. 

1. All stator (or field) currents ii are eliminated. This special case is 
important in synchronous-machine studies. 

2. All rotor (or armature^ currents 12 are eliminated. This special 
case is important in induction-machine studies. 

For this study the torque equation can be expressed as 

/ = il-B = ia -G-i = + i2*'G4-i2 20.7 

1. When the stator (or field) current ii is eliminated, its value is 

h = Zr^*(ei — Z2'i2) 

Substituting into the torque equation 

f ~ — G3*Zif^*Z2) *12 + if •Gs'Zf^’ei 20.8 

The expression G4 — G3*Zf^‘Z2 includes only those terms of the 
new Z' that contain pB, and Gs-Zf^ includes only those terms of g that 
contain pB. 

Hence the new flux B' after elimination is again represented by the pB 
terms of the new equation Zi*ii — ei = 0 {just as before elimination). 
The torque is found now by i -B^ and not by i' *g since equation 20.8 
cannot be so expressed. 

2. When the rotor (or armature) current i2 is eliminated its value is 

I2 = ZT^'(62 ■“ 23T1) = Z 4 ^*e 2 ““ A*ii 

A = Zr^-Zs 20.9 

Substituting into the torque equation 

/ = (e2*-zri - ir-Af)^3-ii + G4-(Zr'-e2 - A-ii] 20.10 

This is the general formula for the calculation of torque. 
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Let the following special case that often occurs in induction motor 
studies be considered. 

(a) The rotor has no impressed voltage, 62 = 0. 

{b) The machine is smooth i|*G 4 *i 2 = 0. 

Then 

/ = 20.11 

That is, the new torque tensor is found from the old torque tensor by 

o' = -Af-G 3 = -(Zr^-Z3)f.G3 20.12 

Elimination of Field Axes of Alternators 

(a) Let the Zg and eg tensors of an alternator with amortisseur wind- 
ings k in both axes be given (equation 16.31). In order to eliminate the 
field (/) and amortisseur (k) axes d/, d^, and q/t, let the order of the axes 
be changed to 

df dk Qfc do qo 


20.13 


df E 
dk 

eg = q* 

da 

qa eq 

(Since the zero-sequence quantities remain unchanged throughout the 
following analysis, their equation is left out.) 

After elimination the equations become 

da qa 

= Z' 20.15 
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da 

©2 = ©2 ^3 * L g j s= 

= ©2 - gr©! qa 


ed — G(p)pE 


Bq — G{p)pBE 


20.16 


where 

T (h\ — T — ~ 2Affed.M'/AAf/<i 

** t^iLfLkd — + Pi^kdLf + rfLkd) + ricdf/ 


LaiP) 


Gip) = 


jO 


rfeg ~h Lt]cqp 

pjLkdMfd MfkMkd) + rkdM/d 

p^iLfLkd — -M/a) + pirkdLf + TfLkd) + Tkd'^f 


20A7 


Hence considering the armature axes only, their Z tensor (also R, 
L, and G) have exactly the same form after elimination of the field axes as 
before elimination, except that the open-circuit inductances Ld and Lq are 
nom replaced by short-circuit {or ''operational or "transient"') induct- 
ances Ldip) and Lq{p). 

When each of the field axes has several windings on it, the above 
statement is still valid and L^ip) and Lq{p) are the short-circuit imped- 
ances of the armature when looking toward 
the field. The direct and quadrature axes 
of the field then appear as stationary net- 
works with several meshes, 

(6) In design practice it is usually as- 
sumed that the three mutual inductances 
of the field, amortisseur, and armature 
are the same in the direct axis, that is 
Mfd = Mkd = Mfk all denoted by Xad- In 
that case Xd{p) and Xq{p) may be calcu- 
lated from the equivalent circuits of Fig. 

20.1 (where Xi is the armature, Xf the 
field, and Xkd the amortisseur leakage in- 
ductance). 

G{p) is found by impressing E in series with xj and calculating the 
difference of potential E' across Xad^ Then since G{p)pE = E' , there- 
fore G{p) = E'/pE. 

(c) Since by the sign convention of a synchronous machine 


’‘I 


Xd^PJ- 


xod 



(a) Direct axis. 


X, 

-'THT- 


Xq(p)--- 


|xaq 


(b) Quadrature axis. 

Fig. 20.1. Calculation of 
Xdip) - L'd and Xq{p) == L'q 


e = R-i + pip + B(— ;^0) or eg = ~e = — R-i — ptp — B('-p6) 

20.18 


* Crary and Waring, “The Operational Impedances of a Synchronous Machine,” 
General Electric Review, VoL 35, November, 1932, p. 578. 
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the new flux-density vector B is found as the coefficients of p6 in the 
equation Zg*i — = 0 , while the new flux- linkage vector <p is found 

as the coefficients of all — p terms. 


da 


da 

- G(P)E 

Qa 

-Li{p)i^ + G{p)E 

Y — 

qa 

La(.P)i^ 


The torque is by i*B (it cannot be expressed now as 

y = i-B = iH^[Lq{p) — Ldip)] + i^G{p)E, 20.20 

This is the torque exerted upon the armature (stationary member) 
by the currents and fluxes; hence it is the negative of the electromag- 
netic torque on the field. The expression is also equal to the impressed 
mechanical torque driving the field (rotating member), if the inertial force 
is ignored. 


The Per Unit System of Central-Station Engineers * 

(a) Central-station engineers denote the short-circuit inductances 
(since time is measured in radians) as 

Ld{p) = Xd{p) r -f Ld{fi)p = Zdifi) 

20.21 

Lq{p) = Xq { p ) r -f Lq{p)p = Zq { p ) 


and call them ^'transient” or “operational” impedances. Hence in per 
unit notation Zg and Cg (equations 20.15 and 20.16) are written as 


d q 


-Zdip) 

Xq(p)pe 

-xd(p)pd 

- Zs(p) 



ea — G{p)pE 
eq — C{p)peE 


20.22 


so that the equations eg = Zg*i (or rather 62 = gi*ei + Z 2 *i 2 ) are 
written as 

= G{p)pE — Zd{p)id + ziq{p) p6 iq 20.23 

= Gip) p9E - Xdip) peid - Zq{p)h 
eo = —zoio 

where the right-hand side of the equation contains all internal gener- 
ated voltages and the left-hand side all external generated voltages. 

* Park, "Two-Reaction Theory of Synchronous Machines,” Trans. A.I.E.E.^ 
April, 1929. 
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(b) The new flux linkage (the coefficients of all —p) and the new 
flux density (the coefficients of all p6) are 



The torque driving the field is 

7 = / = i-B = idiq[xq{p) — Xd(p)] + iqG{p)E 20.24 

= idEd “}" ^qEq = ^d^q ^q^d 

No Amortisseur Windings 

Central-station engineers prefer to express G{p), Ld{p), and Lq{p) 
in terms of the field time constant To == Ldsl^ds- For instance, in the 
absence of amortisseur windings 


G[p) = 


Xdip) = Td(^) Ld- 


Md _ Md/ Tfd Xgdfr/d 2 

r/d + Lfdp 1 + {Lfdlrfd)p I + TqP 

Mdp r/dLd + LfdpjLd — Md/Lfd) 

Tfd + Lfdp Tfd + Lfdp 

Ld + {Lfdlrfd)p{Ld — M\ILfd) ___ LdAr T ^pL^g 
1 + {Lfd/rfd)p 1 TqP 


_ XdLop + 1 
TqP 1 

where 

Xd — Ld — M\lLfd = short-circuit inductance 


20.26 

20.27 


liffd = 0 (or p = 00 ). 

In the absence of amortisseurs it is also convenient to call E not the 
actual field terminal voltage Efd but the armature generated voltage 
i^Xad- That is, 

E 1 

E = -^Xad so that G(p) = — — 7 ‘ T 
Tfd I op + 1 


With no amortisseur Xq(p) = Xq, 
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d q 



where D = f ^ + ocaXq, The mechanical torque driving the field (or the 
electromagnetic torque on the armature) is 

2" = / = i-B = idiqixg^ — Xd) + Eiq 20.35 


(6) It should be remembered that and are hypothetical currents 
(constant in value during steady state) and may be assumed to exist in- 
side the armature as measured by an observer who rotates with the field 
poles. The actual armature currents flowing out of the stationary ter- 
minals are sinusoidal currents i°' and that may be found from and 
by a simple transformation to be shown in equation 27.14. 

The reason for finding and first is that the equations for them are 
simple, while those that contain i°' and are more involved. 

Synchronous Machine Running below Synchronism 

When a synchronous machine is connected to an infinite bus, Fig. 
18 . 2 , but runs below synchronism at a speed of pd = vo) (or at a slip of 
5 = 1 — z;), then b = soit. When the field excitation is removed, all 
currents are of slip frequency, in Z of equation 20.22 all p become jso> 
and all pd become vo^. If, in equation 18 . 17 , e sin sc^t = e = ^/\/2 and 
e cos so)t = — then 


d q d q 



Xd(J^) and Xq(Js) are calculated from the equivalent circuit of Fig. 20.1, 
where p is replaced by js, each resistance becomes —jr/s so that xaijs) 
has the form a — jb. For every slip a different resistance value exists. 

The currents are found by i — and the constant torque by 

the real part of 

fc = Real of i^Hq{js)i^ — i^*Xd(js)i^ 


20.37 
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The oscillating torques are found by substituting for i the instanta- 
neous values i = \/2 {ii sin so^t + ^2 cos scat) instead of complex numbers. 

When the amortisseur winding is absent, the equations represent 
(assuming smooth air gap) a two-phase induction motor running with a 
single-phase rotor (Fig. 20.2). ^ 

Fig. 20.2. Two-phase induction motor with single-phase rotor. 

The Interconnection of Synchronous Machines * 

{a) The concept of “interconnection of axes” implies the intercon- 
nection of physical axes, such as brushes, slip rings, stator windings, 
etc. When the axes are hypothetical, such as the do and qo axes of syn- 
chronous machine armatures, their interconnection involves two steps : 

1. The actually existing axes a and b of the armature are intercon- 
nected by a C. 

2. The a and b axes of C are transformed into the hypothetical axes 
d and q by equation 6.11 so that a new C' represents the interconnection 
of the hypothetical axes. 

{h) When two interconnected synchronous machines (Fig. 20.3) run 
at the same speed with the rotor of the second machine lagging behind 




Fig. 20.3. The interconnection of hypo- Fig. 20.4. Rotating the 
thetical axes. reference frame by a 

constant angle 6. 

that of the first by an angle 5 (the value of 5 depending on the load) the 
hypothetical axes d and q may be interconnected in one step by noting 
that the resultant current vectors i in the armatures of both machines are 
equal and have the same direction in space at each instant- Hence if in the 
second machine new reference axes d' and q' are introduced parallel to 
those of the first machine di and qi, then the components of i are equal 
along the reference axes and the latter can he connected in series- 

* Doherty and Nickle, “Synchronous Machines, II,’’ Trans. A.I.E.E., 1926. 
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The transformation tensor rotating the reference axes d 2 and q _2 of 
Fig. 20.4 to d' and q' by an angle 6 (the same as in brush rotation, 
equation 17.4) is 

^ d' q' 



20.38 


By Ct'Zg'C and CrOg, equations 20.22 become 


d' q' 


-r — [Xdip) cos^ 6 + Xq{p) sin^ 5]^ -f 
+ [XqiP) ^ d { p)]pQ sin 5 cos 5 

[xq{p) cos® 5 -j- Xdip) sin® 5] pB + 

4“ [^diP) — Xgip)] sin b cos bp 

— [Xdip) cos- 5 + Xq{p) sin^ b]pe 4- 
4- [Xd{p) — ^qip)] sin b cos bp 

— r — [xqip) cos® 5 4- ^dip) sin®5]p 4” 
+ b^dip) — Xqip)]pd sin b cos b 


20.39 

e 

The coefficients of the pB terms of (Z'-i' — e^) give B'. 

{c) The transformation tensor that interconnects the hypothetical 
axes of two synchronous machines is 




20.40 


(d) The shifting of axes and the interconnection of two machines 
may be performed in one step as 

di qi 
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EXERCISES 


1. Derive the value of Xdip)^ G{p), Xq{p) (equations 20.25-20.27) when no amortis- 
seur winding exists on the synchronous machine. (Start with the original three equa- 
tions and eliminate the field axis.) 

2. Given the steady-state Z and e of two salient-pole synchronous machines, that is, 
Zi, Zt and ei, © 2 * What are the resultant Z' and e' of the interconnected system when 



Fig. 20.5. 


the second machine lags behind the first machine by angle 5? What is the torque of 
each machine? 

3. The direct and quadrature-axis quantities of a salient-pole synchronous machine 
are given (in per unit) in Fig. 20.5. 

(а) What are Xd{p) and Xq{p)} 

(б) What are Xdijs) and Xq{js) for s = 1, 0.75, 0.5, 0.25, 0? 

(c) If r =* 0.015 and © = 1, find and the torque at the above slips. 

(d) Find Xd and Xq. 

(e) If £ == 1.1 and e = 1, find the steady-state currents and and the torque 
for 5 « 0®, 30^ 60®, 90°, 120°, 150°, 180°. 

(/) When running at synchronous speed on open circuit, the armature is suddenly 
short-circuited {cq = —1). What are the instantaneous currents and torques? 
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THE REVOLVING-FIELD THEORY 

Transformatioiis Necessary to Establish Equivalent Circuits 

(a) The study of rotating machinery and the understanding of their 
physical behavior are facilitated by two artifices: 

1. Locus diagrams. 

2. Equivalent circuits. 

A systematic study of locus diagrams by tensorial concepts has been 
undertaken elsewhere.* The tensorial method of attack offers also a 
powerful aid in establishing a group of stationary networks whose per- 
formance parallels practically any type of standard rotating machine, 
as far as steady-state behavior and small oscillations are concerned. 
Besides facilitating the visualization of physical phenomena taking 
place inside a rotating machine and offering computational help, an 
equivalent circuit also permits the determination of the steady-state 
and hunting performance with the aid of the a-c. network analyzer. 

(b) For any particular machine the equivalent circuit is established 
by finding a transformation matrix C that changes the asymmetrical Z 
into a symmetrical one. Three such transformations may be men- 
tioned here: 

1. The method of symmetrical components. 

2. The rotation of the reference axes by a constant or variable 

angle 5. 

3. Division of an equation of voltage by a quantity. 

Representation of Torque on the Equivalent Circuits 

A rather large number of equivalent circuits possess the disadvantage 
of not indicating the torque. Even those that do show the torque re- 
quire an elaborate derivation to prove the correctness of the represen- 
tation. Makeshift schemes such as subtracting the losses from the 
input have no more value as aids for visualization or computation than 

p. 160. 
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the equations themselves. The tensorial method of attack makes a 
clean sweep of this difficulty. 

As the torque is i-B (where B is the resultant rotor flux density G*i 
and where G contains inductances) by virtue of G, also i and hence G *1 = 
B all being tensors, B must appear on any logical equivalent circuit as a 
measurable quantity, in particular as sets of differences of potential E. 
Similarly, the torque 

/ = i*.B == i*-E = i^*Ei + ^'2*^2 + • • • 21.1 

must be a quantity to be measured by adding up the indicated watt- 
meter readings. The components of E = B are to be determined by 
tracing out the voltage drops G-i on the equivalent network. 


Forward- and Backward-Revolving Fields 

(a) When on a layer of winding there are two axes at right angles in 
space (say d and q) each containing a-c. currents i^ and i^ of the same 
frequenc}", then each alternating current may be divided into a hypo- 
thetical forward- and a backward-rotating component by the method of 
two-phase symmetrical components (equation 9.11) 


id = (,*1 + i ^)/2 
i<i = _j(ii ^ i^)/2 


1 2 


3 

1 


j 


d q 


1 

i 

1 

-j 


21.2 


The axes 1 and 2 represent the reference frame of the revolving-field 
theory; the axes d and q represent the reference frame of the cross- field 
theory. With the aid of the above C and its inverse (one such C for each 
layer of winding) , the equations of one theory can be converted into those 
of the other by routine manipulations. 

In converting the equations of the two theories into each other with 
the aid of C it is important to remember that there should exist as many 
equations as there are physical axis. If some of the axes have already 
been eliminated by Zi — Z 2 *Z 4 the two sets of equations cannot 
be transformed into each other by the given C. 

{b) As in stationary networks, the above C is valid only for the primi- 
tive machine. If the axes have different numbers of turns or are at an 
angle a or are interconnected with other coils, the above C has to be 
modified either by the steps shown previously or by a method equiva- 
lent to those steps. 
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The use of the above C eliminates certain components of Z (reduces 
Z to a diagonal form) only if r and L along the d and q axes are the 
same, in particular only if Z has the form 



The real advantage of the use of this C shows up in the calculation 
of torque. 


Two-Phase Induction Motor with Unbalanced Voltages 

(a) Let unbalanced voltages be impressed on the stator of a balanced 
two-phase induction motor. Since its C is the unit tensor (Table Va), 
replacing p by jco and pB by voi, 


ds dr Qr Qs 



The equations of the cross- field theory are e = Z-i and / == Real of 
P-cuG-i. 
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(b) Let revolving axes 1 and 2 be introduced on both stator and 
rotor (Fig. 21.1). 


Is Ir 2s 2 ^ 



Fig. 21.1. Forward- and backward-revolving axes. 


By Cf ‘Z-C and Cf -E 



Each revolving field acts as if the other were not present. Note in Z' 
that no mutuals exist between axes 1 and 2. 
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(c) If in Z and e the row Ir is divided by 1 — a and the row 2r by 
I ■\-v (the currents remain thereby unchanged) , 



1q 

ir 

2s 

2r 

la 


jXm 



Ir 

jXm 




2. 



Ts+jXs 

jXm 

2r 



jXrr. 



la 


Is 


Ir 


Ir 

Eir 

2s 


2s 


2r 

jX^t^ +jXrt^' 

2r 

E2r 


/ = Real of i'*-E' - R + i^^*E 2 r) = Wir + W^r 21.12 


As Z is symmetrical, its equivalent circuit may be established as 
shown in Fig. 21.2 (Xs = Xs + Xm and Xr = Xr + X^). The two se- 
quence networks are independent. The torques are measured by two 



£f 

$ 


II 

2-S 


Fig. 21.2. Equivalent circuit of an induction motor 
on unbalanced voltages. 


wattmeter readings, representing the difference in the rotor losses of 
the two sequence networks. 

It is customary to leave out the in Z' and G' (but not in e'). In 
that case the currents are half of the shown value and /is the torque per 
phase. 
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{d) Since no e.m.f. is impressed on the rotor, the rotor axes 1,. and 
2r may be eliminated so that by Zi — Z2'Z4 

la 2s 


h 


2a 


21.13 

where 5 = 1 — y and 2 — 5 == 1 + v. Also Zi = positive-sequence re- 
actance and Z2 == negative-sequence reactance. 

Three-Phase Induction Motor with Unbalanced Voltages 

{a) Let it be assumed that both stator and rotor of the induction mo- 
tor are three-phase. Then along the d, q, and 0 axes the Z, G, and e 
tensors are the same as those of the two-phase motor, except that in Z 
two additional zero-sequence rows and columns are introduced with 
Zq = fo + 


y2 

1 ,-Y ! ^ 

0 

J+j^r 

0 

y2 

1 ;y 1 ^ - 

'Tj^s “T 


Zi 



Z2 



d. 

dr 

Qr 

Qs 

O3 

Or 

d. 

U "hi-Ys 

jXm 





dr 

jXm 

Tr+jXr 

XrV 

XmP 



qr 

-XmV 

-XrV 

Tr+jXr 

jXm 



Qs 



jXfn 

Ts +jXs 



Oa 





ros-h JXqs I 


Or 






ror -hjXor 


ds dr qr Qs O3 Or 





^ga 

eo 



21.14 


The G tensor remains the same as equation 21.5. 
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If the d and q axes are transformed to 1 and 2 (or rather if d, q, and 0 
are transformed to 0, 1, and 2), the C has the same form as before, 


equation 21.6. 


C 



08 

Is 

2s 

Or 

It 

2r 



1 

1 




d. 





1 

1 

qr 





-j 

j 

qs 


-J 

j 




08 

2 






Or 



\ 

2 




21.15 


(b) If the steps of the previous section are repeated, that is, if Z', G', 
and e' are calculated, the same results are found as before except that 
Z has an additional Os axis. Leaving out | in Z' (but not in e') and 
eliminating also the rotor axes 


Oa Is 28 


Zo 




Zi 




Z2 



21.16 


where Zi, Z 2 , ei, and 62 are defined in equations 21.13 and 21.9 and 
Zo = ros + jxos- All constants Xm, Xr, and are for one phase 

(line to neutral). 

The currents are found by i == Z^^^e and the torque per phase by 
the real part of i**coG-L 

(c) When a three-phase induction motor operates under unbalanced 
condition, it is necessary to express its performance in terms of se- 
quence currents, since then the torque calculation is comparatively 
simple (G" has only two non-zero diagonal components). In any other 
reference frame G has nearly nine components. (For additional exam- 
ples see A.T.E.M,, p. 59.) 

The Capacitor Motor 

(a) If the cross-phase turns are a times the main phase turns, then C 
has unity in all diagonal components, except a in axis q^, Table VI-S. 
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If an impedance Z is added to axis qs (Fig. 21.3) (Z represents any dis- 
symmetry in the impedances of the two stator windings, also any added 
condenser), Z' and G' of the resultant system are 


ds dr qr qs ds dr qr qs 



where Z = J2: + JX and (if and Xg = Xsd) 


X = (fgq - rgda^) + Rc X ^ (Xsq-Xsdd^) - Xc 21.19 
so that 





jXsd) Tsq + Rc + jXgq jXg 

The equations e' = Z'-i' represent the cross-field 
theory of the capacitor motor. 

(b) In order to introduce revolving fields in 


Fig. 21.3. Capacitor stator and rotor, it is first necessary to change 

motor. capacitor motor to that of the primi- 

tive machine by cind then only to use the stand- 
ard C 2 of the revolving- field theory. Thereby the C changing from the 
cross-field to the revolving-field theory is C = C5f^'C2, where 
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Hence the resultant C = Ci ‘-€2 is 


is 2^ Ir 2r 



(c) Since in Z' the reactance Z occurs in each component, both cur- 
rents and must flow through it. Hence the equivalent circuit of 
the capacitor motor is that of Fig. 21.4c. 



W W (c) 


Fig. 21.4. Equivalent circuit of the capacitor (or split-phase) motor. 

The current flowing through Zjla^ is jai^^. The main phase current 
is 4* i^®) / 2. The losses in tr/s represent the positive sequence 
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torque per phase and those in ^{2 - s) the negative sequence torque 
per phase. 

(d) Eliminating the rotor axes Ir and 2^, just as in the unbalanced in- 
duction motor, then multiplying Z' by 2 (but not e'), the result is 

L 

Z' - 21.25 

2 . 

where Zjlo^y also Zi is the positive-sequence reactance and Zs is 
the negative-sequence reactance defined in equation 21.13. 




Fig. 21.5. Equivalent circuit of the single- phase induction motor. 


(e) In special cases this equivalent circuit of the capacitor motor re- 
duces to well-known circuits. In particular: 

1. WhenZ = Oanda == 1, the equivalent circuit becomes that of the 
balanced induction motor under unbalanced voltages, Fig. 21.2. 

2. When Z == oo, the circuit reduces to that of the standard single- 
phase induction motor, Fig. 21.5. 





CHAPTER 22 


POLYPHASE MACHINES* 

Ignoring Half the Axes 

(a) When the air gap is smooth and the windings along the d and q 
axes are identical, Z and G of the primitive machine are 


da dr qr q^r dr qr q^ 



ds dr Qr q* 


e == 

Much labor may be saved in the study of polyphase machines with 
smooth air gap by deriving their equations from that of a “primitive 
polyphase machine” containing only the windings of one of the phases, 
say those of the direct axis. 

(6) Since all phenomena in the quadrature axes are identical to those 
in the direct axes, except that they take place 90 degrees later in time, 
at any instant Hence, for the above primitive machine, let 

the following transformation be introduced : 

d.^ dr^ 


C 






A,T.E.M,, p. 50. 
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Note that, except for the factor of 1/V2, this transformation is iden- 
tical to the positive- sequence portion of the method of two-phase sym- 
metrical components, namely, equation 21.6. 

(c) Another interpretation for this transformation may be given by 
finding the new voltage vector e' 


: Cf-e 


V2 dr' 



1 

Cds j^qs 

edr 

1 

^dr "f" j^qr 


22.3 


This point of view states that, if the four currents and voltages in the 
four axes are real functions of time, they may be replaced by two cur- 


ds2^ 



Fig. 22.1. The 

Fig. 22.2. The 

primitive poly- 

primitive poly- 

phase machine 

phase machine 

with two layers 

with four layers 

of windings. 

of windings. 


rents and voltages that are complex functions of time. Then the real 
parts of the new e' and i' give the direct axis quantities and the imagi- 
nary parts give the quadrature axis quantities. 

Both points of view lead to the same set of equations. 


The Primitive Polyphase Machine 
{a) By Cf 'Z'C and Cf -G-C, equations 22.1 become (Fig. 22.1) 


da dr 


U + Lsp 

Mp 

M{p — jpd) 

Tr -j- Lrip - jpe) 


da dr 




-jM 

-jLr 


representing the Z' and G' tensors of the primitive polyphase machine 
with two layers. (Because of the smooth air gap, —jLr should be neg- 
lected in computations. In establishing equivalent circuits, however, 
— jXr must be included, so that G should be a tensor.) 
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(b) The results represent a theorem that a set of real equations of the 
form e = Z-i 

d q 


ed 


Z - 


may be replaced by the complex equation 
d d 


ed -i-jeq 


z = d 


r 


d 


q 



d 

id jiQ 


22.5 


22.6 


and vice versa. {A,T,E,M.y p. 147.) 

{c) By a similar transformation the Z of the primitive polyphase ma- 
chine with four layers is (Fig. 22.2) 


ds2 


d.i 


drl 


dr^ 


ds2 

dal 

drl 

dr2 


rs2 4- Ls2p 

Map 

Mi2p 

M 22 P 

Map 

ral + Lalp 

Miip 

M 21 P 

Mi2(p - jpe) 

Mii{p - jpe) 

Tri 4- Lrlip — jp6) 

Mrip - jpS) 

M22{p — jpB) 

M2iip — jp9) 

Mrip - jpe) 

rf 2 4" Ly^ip — jpe) 



da2 

dsl 

drl 

dr2 

da2 





dsl 





drl 

—jMn 

—jMn 

—jLrl 

—jMr 

dr2 

-jM25, 

—jM21 

-jMr 

~“jLr2 

\ 


22.7 


22.8 


For steady state^ when all axes have fundamental frequency currents 
in them, p = jw, p -- jpd = jo)S = — v)» 

Synchronous Machines 

(a) When both stator and rotor axes rotate with the rotor y as in a 
synchronous machine, the equations are the same as when the axes 
stand still on the stator, except that axis s becomes f (field) and r be- 
comes a (Fig. 22.3). The direction of rotation pd also changes sign (see 
Fig. 16.11). Hence 
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f 

a 


f 

a 

Tf + Lfp 

Mp 

i 

n. — 



M(p -i-jpe) 

Ta + Laip -\-jpB) 

v^a — 

a 

jM 

jLa 


f 


a 


22.9 




(b) When both and are assumed to be constant, then, in equation 
22.9, ^ = 0. The first equation gives iftf = e/ or 




0 

Fig. 22.3. Poly- 
phase synchron- 
ous machine. 


if — ^sl'^f* The second equation gives 

Ca - 0Mpe = {ra +jLapd)i^ 


Z 


ra -hjLapB 


ea — ji^Mpe 


22.10 


That is, the excitation in the field appears as an impressed voltage 
'-ji^Mpd in the armature (a vector along the negative q axis, as shown 
in Fig. 21.4fl). 

(c) When the synchronous machine is an infinite bus, its ta and La 
are zero. Hence from equation 22.10 

ea = ji^Mpe 22.11 


This is the voltage impressed by an infinite bus upon the rotating axis of 


e*lnt«rnoi gtncrotads 
•xttrnal impretsed 



Alternator. Infinite bus. 


Fig. 22,4. Polyphase alter- Fig. 22.5. Equivalent cir- 

nator connected to infinite cuit of the polyphase alter- 

bus, nator on infinite bus. 


a polyphase machine (if its d axis is drawn along the field pole of the 
infinite bus) . 

{d) When an alternator is connected to an infinite bus (Fig. 22.4), the 
voltage impressed by the infinite bus along its own field axis q 2 is e 2 = 
ji^^^M 2 pd 2 (equation 22.11). As viewed from the alternator, 62 lags be- 
hind ei by an angle 5. Hence during steady state 
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Z = a 




e 


a 


— d 


22.12 


where ei = 

The equivalent circuit is given in Fig. 22.5. For a motor d becomes 
negative. 


Polyphase Machines with Unit Transformation Tensor 

i. Sherbius Advancer (Fig. 22.6). Only the row and column of d^i of 
equation 22.7 are used. When p = jw and pB = voi, 


Z 


d. 


-d. 


rr +i^r(l - v) 


ojG 


dr 


dr 




22.13 



Fig. 22.6. Scher- Fig. 22.7. Equiv- 

bius advancer. alent circuit of 

the Scherbius ad- 
vancer. 


When the rotor is above synchronism, 1 — is negative and the rotor 
acts as a condenser. 

Dividing Z and e by 1 — v = Sj 


dr 


Z = dr 


e = dr 

1 


5 




f = Realofi*-E = i-E* 


The equivalent circuit is Fig. 22.7. 

2. Double Squirrel- Cage Induction Motor (Fig. 22.8). The last three 
rows and columns of equation 22.7 are used. During steady state p = 
jo). Dividing the second and third row by 5, 
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s ri ra 



j^ml 

j^m2 

j^ml 

'-f + 

jXniT 

j^m2 


’^+jXr, 


s ri r2 






-jXr 

j^mr 


j^mr 

~jXri 


22.15 


Since Z is symmetrical, it may be represented by the equivalent sta- 



Fig. 22.8. Equivalent circuit of the double squirrel-cage induction motor. 


tionary network with three meshes shown in Fig. 22.8, where Xmi = 

X‘m2 ~ Xrjii 2Lnd 


^8 — Xm + OCs Xt2 ~ + ^2 

Xfi = Xm + Xr + Xi Xmr == Xm + Xr 


S 

E = G*i = ri 

r2 


/ - Real(^^'*£,x + i^^^Er2) = 


Er2 


The Shifting of Polyphase Brushes 

When a set of perpendicular brushes is shifted by an angle a, Fig. 
22.9, the first row of their C is 



Fig. 22.9. Shifting a 
polyphase brush. 


C = dr 


Since C becomes 


C = dr 


m 


m 


dr 

cos a: + J sin a 

= dr 


o 

li 



22.16 


22.17 


Hence in polyphase machines clockwise rotation of axes is represented 
by and a counterclockwise rotation by 
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Polyphase Commtitator Machines 
i. Shunt Polyphase Commutator Motor {Fig. 22 JO) 


ds a ds a 



The presence of makes Z asymmetrical. Transforming it, how- 
ever, by C', the symmetrical Z" is 



Fig. 22.10. Shunt Fig. 22.11. Equivalent cir- Fig. 22.12. Series 

polyphase com- cuit of the shunt polyphase polyphase com- 
mutator motor. commutator motor. mutator motor. 


The equivalent circuit is that of Fig. 22.11. The machine P is found 
from of the equivalent circuit by 


dg dr 



2, Series Polyphase Commutator Motor {Fig. 22 J2) 

da a da da 



22.20 


22.21 


Its equivalent circuit is a variable impedance. 
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EXERCISES 

1. Express the real equation e = of the primitive machine with smooth air 
gap, given in equation 22.1, as a set of equations with complex coefficients, in the 
manner of equation 22.6. 

2. Find C, Z, and G of the polyphase motor of Fig. 22.13. What is its torque? 



Fig. 22.13. Fig. 22.14. 


3. (a) Find Z, e, and B of two polyphase alternators in series, Fig. 22.14, the second 
lagging the first by a constant angle 5. 

(b) Find the torque of each machine. 

(c) Find the equivalent circuit of the system. 



CHAPTER 23 


ROTATING REFERENCE FRAMES’" 

C as a Ftinction of Time 

(a) Hitherto it has been assumed that the reference frames were 
(i) either all stationary in space (all fixed to the stator) ; (2) or rotating 
together with the same speed as one of the members (all fixed to the 
rotor). 

The next point to investigate is how to establish the equations of a 
machine if the reference frames are not fixed to one member but rotate 
at any arbitrary velocity pd\ (The velocity of the rotor conductors 
will still be denoted by pd,) 

(b) The first step is to establish C of a rotating frame. If the 
stationary axes d and q on Fig. 23.1 are to be replaced by the rotating 



ation from stationary to 
rotating axes. 



Fig. 23.2. Trans- 
formation of poly- 
phase axes. 


axes a and b, their C is analogous to the case where a and b are sta- 
tionary (equation 17.4). 


d 

q 


a b 


cos e' 

—sin 0' 

sin O' 

cos O' 


except that now 0' is a function of time and pC = dC/dt is not zero. 

For a balanced polyphase machine in analogy to equation 22.17 
(Fig. 23.2.) a 


C = d 



23.2 


(r) This is the first time when a C is encountered whose components 
are not constants (real or complex) but functions of time. 


*A,T.E.M„ Parts VI and VII. 
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(d) Now, when the components of C are functions of time, the laws of 
transformation of physical entities in general are more complicated than 
those hitherto shown. 

The Law of Transformation of Z 


It will be proved presently that the law of transformation of Z is 

riC 

z' = cr-z.c + cr-L--pr 

ofj 

23.3 




dC$. 

de' 


pd' 


where C is a function of 0' and p& is the velocity of the reference frame. 
That is, now L (the coefficients of p terms) also have to be used. 
Because of this more complicated law of transformation, Z is no longer 
called a “tensor” but a “geometric object” (an entity whose existence 
depends on the reference frame used). 

The law of transformation of all other tensors hitherto introduced, 
namely i, e, P, R, L, and G, are unchanged, and they are still called 
tensors, even though the reference frame rotates. 

In rotating machinery it is often found that the transformation is 
“orthogonal,” that is, Cf *C is the unit tensor. In such cases Cf •Z*C 
is often identical with Z and only the second term of equation 23.3 
need be calculated. 


A Quick Way of Transforming Z 

When the transformation is not orthogonal, some labor may be 
saved by assuming that during the multiplication of Z with C the 
order of the components is preserved. Then it is possible to write for 
the law of transformation of Z 

Z' = cf -Z-C I 23.4 

where the p in Z now refers to all terms to the right of it, that is to C 
{and i) but not to Cf . After multiplication each term may he expanded 
into two terms. For instance, a component of Z'-i' may have the form 
M sin 6' p cos Q' (where cos d' came from C and sin B' from Cf). 
Hence p refers to both terms cos B' i°'. If the term is expanded, it 
becomes M sin B' p (cos B' i®) = M sin B' cos B' pi^ — M sin^ B' pB^ 
i^ . It is this last term that would have come from the use of 

Cf-L*(3C/a0')K- 

The Large Variety of Reference Frames Possible 

In balanced polyphase machines it is advantageous to introduce 
reference frames rotating with the fluxes (or impressed voltages) since 
then all currents and fluxes become constant in magnitude and it is 
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possible to establish an equivalent circuit for the machine. In hunting 
studies the use of such a reference frame is imperative. 

A great variety of reference frames is possible, their selection being 
influenced by the manner of interconnection of the machines. For 
instance, if both stator and rotor have rotating e.m.f.’s impressed on 
them, then: 

1. Both stator and rotor reference axes may rotate with the stator 
e.m.f. (or flux). 

2. Both may rotate with the rotor e.m.f. 

3. The stator axis may rotate with the stator e.m.f, and the rotor 
axis with the rotor e.m.f. 

Even though the two e.m.f.’s rotate at the same speed during 
steady state, still during hunting their speed is different and the 
equations of hunting depend upon where the reference axes are 
attached. A judicious selection of the reference frame may allow an 
easy solution of an otherwise prohibitively long problem. 


Double-Fed Induction Motor 


(a) In many speed-control systems the stator of an induction motor 
is connected to a synchronous machine running at a fundamental 
speed pdi and the slip rings are connected to another synchronous 
machine running at a slip speed In that case the stator and rotor 
fluxes both run at a synchronous speed with a constant angle 6 between 
them. Let both stator and rotor reference axes be attached to the 
revolving stator flux. 

The tensors of the primitive machine of the induction motor with 
smooth air gap are 

da dr Qr Qa 



23.5 


23.6 
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23.7 


G = 



d. 

dr 

qr 

qs 

ds 





dr 



Lr 

M 

Qr 

-M 

-Lr 







[ 


23.8 


E 



Fig. 23.3. Induc- 
tion motor with 
rotating axes. 


where ei = and ez = i^^MzpBz (compare 

with equation 24.16). The velocity of the rotor of 
the induction motor isp 62 'j those of the synchronous 
machines, pBi and pBz- 

(b) Let a reference frame be introduced rotating 
with a velocity pBi with respect to the stationary 
reference axes. Then by equation 23.3. 


a^ a^ hr h® 



23.9 


23.10 


Now happens to assume the original form of Z, equation 

23.5. But 


CrL 


dC 


dOl 
= Ypei 


pei 



a® 

Sir 

hr 

b. 

a® 



— Mpdi 

—Lspdi 

Sir 



— Lrpdi 

— MpOl 

hr 

Mpdi 

Lrph 

1 


ba 

LspOi 

Mpdi 




23.11 
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where the slip speed is pd^ = pdi — P82. The torque is — 





where 5 = ^2 + ^3 ” — "the angle between the two fluxes. 

From the new axes a and b it appears that the rotor rotates with a 
slip velocity pds and the stator with a fundamental velocity p6it both 
in counterclockwise direction. 

{c) Since the impressed voltages are constant during steady state, 
all ^ in Z become zero and 



23.15 
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8,s Sr 








-sXr 



sXr 





j 



23.16 


In i' = Z' is the in-phase component and is the out-of- 

phase component of the stator current. 


EXERCISES 

1. Find equation 23.12 from 23.5 with the aid of equation 23.4. 

2. Transform equation 23.12 back to the original equation 23.5 with the aid of C“^. 

3. Express C of equation 23.9 as a tensor with complex coefficients having only- 
two rows and columns. 

4. Transform Z of the primitive polyphase machine, equation 22.4, with C of 
exercise 3 by using equations 23.3 and 23.4. (The result should be the complex form 
of equation 23.12.) 




CHAPTER 24 


HOLONOMIC REFERENCE FRAMES 


Axes Rotating with the Members 

(a) A very important special case occurs when the axes are rigidly 
connected to their particular members and rotate with them. Such 
a reference frame may be assumed on the slip-ring induction motor 
and on the synchronous machine. In the synchronous machine the 
armature axes are then stationary and the field axes rotate with the 
field. Because many practical machines can be derived from it with 
the aid of a C, a machine with axes rigidly connected to the members 
will be called the “primitive machine with rotating axes” or the 
“second primitive machine.” 

When the reference frame is rigidly connected to the members (be 
they stationary or rotating) the equation of voltage reduces to the 
special case (to be proved presently) 

e' = R'-i' + ^>(L'-i') 

24.1 

e' = R'*i' + P<p^ ea* = Ra*^d^ + P^Pa' 


No rotor-generated voltage 'Bpd exists (or rather none is defined) 
and the equation of voltage is the same as that of a stationary net- 
work. However, p refers not only to i hut also to L, which now is a 
function of d. When all expressions are expanded so that p refers 
only to i, the equations assume the usual form involving (ypB*i, 

{h) The torque may be expressed as either 


or 


/ = i'-G'.i' 


/' = 


dV 1 


dd 


= - I 





r = 

f = = i 

dd 2 dd 


24.2 


since the kinetic energy is 

r = = 24.3 

(c) These equations (valid for the special case of rigidly connected 
reference frames) are due to Maxwell. The reference axes are called 
“holonomic” axes. It is emphasized that these simplified equations 
are not valid for any other type of reference frame. 
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The Second Primitive Machine* 

(a) Instead of transforming Z of the first primitive machine, it is 
simpler to transform its L by C^'L-C to give L' , Then 

-f- I ~ 24.4 



Fig. 24.1. Second primitive Fig. 24.2. Alternator with 
machine. stationary armature axes. 

(R' is and has the same form as R.) Hence 



1 j- ^dr “I” ^qr , j- Ldy ^gr 

where = Ls == ^ and Ld = ^ * 

For the synchronous machine of Fig. 24.2 (eg = Zg*i) 


d/ a b q/ 



p. 71. 





THE SECOND PRIMITIVE POLYPHASE MACHINE 
The impedance tensor R' + pL' is 

ds a h qs 



rds + pLds 

Mdp cos d 

— Mdp sin 6 

0 

MdP cos 6 

Tt + p{Ls “f" Z>D cos 26) 

—LdP sin 26 

Mgp sin 6 

— MdP sin d 

— LdP sin 26 

fr + p(Ls — LDCOs2d) 

Mgp cos 6 

0 

Mgp sin 6 

Mgp cos 6 

4“ Lqsp 


where p refers to all 6 terms and to i. 

(b) To find the torque by 1/2 i' •(dL'/dd)*i 


0 

^Md sin 6 

~ Md cos 6 

0 

— Md sin 6 

—2Ld sin 26 

’—2Ld cos 26 

Mg cos 6 

— Md cos 6 

—2Ld cos 26 

2Li) sin 26 

— Mg sin 6 

0 

Mg COS 6 

— Mg sin 6 

0 


The torque may also be found by where G' = CrG'C = 






--Md sin 6 

—Ld sin 26 

Ls — Ld cos 26 

Mg cos 6 

— Md cos 6 

— (Ls + Ld cos 2 6) 

Ld sin 26 

— Mg sin 6 






The Second Primitive Polyphase Machine* 

When a machine with a smooth air gap has a pure rotating field on 
both stator and rotor, then (Fig. 24.3) 


ds a 


da 

1 


ds 

L — 

Ls 

M 

dr 


^36 

a 

M 

Or 


A,T.KM,, p. 74. 
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ds a ds a 



Fig. 24.3. Second Fig. 24.4. Poly- Fig. 24.5. Alter- 

polyphase primitive phase synchron- nator with con- 

machine. ous machine. stant excitation. 


This Z' and G' are the same as those of the slip-ring induction motor. 

Torque = /' = Real of 24.13 


Polyphase Synchronous Machine with Constant Excitation 


If the primitive machine is looked upon as an alternator with 
stationary armature axes (Fig. 24.4), then ds becomes a (armature) 
and a becomes f (field). (There is no need now to interchange the two 
members.) . r 




(b) If the excitation is assumed to be constant the first equation 
becomes independent of the second 


«o = p6 M)i^ + (ra + pLa)i°‘ 


Eliminating the field axis, the tensors along the stationary armature 
axis a are (Fig. 24.5) 
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(B is the coefficient of all pB terms, carried over to the right-hand side 
of the equation e == Z-i.) 

{c) If the synchronous machine acts as an infinite bus (r^ = La = 0) 
then the voltage impressed upon a machine with axis a connected to 
the infinite bus is 

a 



24.16 


EXERCISES 

1. Show that the torques of the second primitive machine found by equations 24.9 
and 24.10 are equal. 

2. On the second primitive polyphase machine, Fig. 24.6, let four axes exist: 

{a) The stationary stator axis ds- 
(6) The rotor axis a with a velocity pd. 

(c) The stator flux rotating with pds with respect to the stator axis d*. 

{d) The rotor flux fr rotating with pdj. with respect to the rotor axis a. 



Fic. 24.6. 


Find the following C's and their inverse: 

(a) From ds to 

(b) From a to fr. 

(c) From ds to fr. 

(d) From f^ to fr- 




CHAPTER 25 


SPEED CONTROL SYSTEMS 


Changing Rotating Axes to Stationary Axes 

Induction motors and synchronous machines are used in con- 
junction with a-c. commutator machines to produce desired speed and 
power factor characteristics for the drive of industrial loads. If each 
machine is a balanced polyphase machine, in the presence of slip-ring 
induction motors Z' and G' contain terms. Such terms may be 
eliminated if after interconnection the slip-ring axes are replaced by 
stationary axes or if all axes are assumed to rotate with the fluxes. 

If two or more of the machines run in synchronism, then, after 
elimination of usually their difference remains, 

containing the constant angular displacement 5 between the machines. 

To establish an equivalent circuit for the polyphase system it is 
desirable that: 

1. All reference axes should rotate together (no variable angle 6 
should exist between them) . 

2. All axes should be parallel (no constant angle 6 should exist 
between them). 


Power-Sels 3 ni Systems 

(a) Let two induction motors be interconnected as shown in Fig. 
25.1. When machine 2 (transmitter) is driven, the other (receiver) 
runs at the same constant speed with a constant angle of lag 5. 


#1 


#2 



Cl 



flfii 

ai 


dsi 

1 



ai 


1 


ds2 



1 

a2 


-1 

i 


25.1 


Receiver. Transmitter. 
Fig. 25.1. Selsyn system. 
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Before interconnection 


r^i + Lsip 

Mipe^^^ 




Vrl + Lr\p 





rs2 + Ls%p 

M 2 pG^^ 


\ 

\ 


rr2 + Lr^p 


After interconnection by 


^sl + ^slP 

Mipe^^^ 

0 

Mlp€~^^i 

^rl + ?'r2 + {Lt\ + Lr2)p 

— M2p€~^^^ 

0 


^s2 + L^P 


Transforming from the rotating axis ai to the stationary axis d^i 
(Fig. 25.2), 




d.i 

drl 

da2 

dsi 

1 



C2 = ai 




ds2 



1 


Fig. 25.2. Selsyn with sta- j | 

tionary rotor axes. 

by Cf 'Z-C {p in Z referring to C but not to Cf) 

dsl drl ds2 


fsl + Lslp 

M\P 

0 


^rl + Tt2 4" (Trl + Lr2)e^®lpe~^®l 


0 

— ilif2pe^®26~^®l 

^52 + Ls2p 


But p{e = e — jpB)i. Also 62 — Bi = 5. Hence after 


expansion 

dii drl ds2 
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(6) Since in every axis fundamental frequency currents flow, 
P - jo>, P — jp& - — o) = As no voltage is impressed 

in axis dri, the whole row of dri may be divided by s. Hence during 


steady state 



dal 

dri 

da2 

dal 

r«i + 

j^ml 

0 

Z' = dri' 

jXml 

(rrl + rr2)/s + j{Xrl + 


ds2 

0 


+j^s2 



Equivalent Circuit of the Selsyn System 

The Z' in equation 25.7 may be brought to a diagonal form by 
shifting the axis of d^a by the constant angle S (Fig. 25.3). 



Fig, 25.3. Shifting the stator 
axes. 



so that by the symmetrical Z" is 


dal dri ds2 



The torque tensors before and after transformation are 
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The torques are the real parts of 

/l = h = 

The corresponding equivalent circuit is shown in Fig. 25.4. The 
actual current in the machine is The same result 


•'ri +‘'r2 



Fig. 25.4. Equivalent circuit of the Selsyn system. 

would have been found by performing the three transformations in 
one step by C = Ci’C 2 *C 3 . 

Variable-Speed Drive 

(a) In a variable-speed drive two synchronous machines (the first 
supplying the electrical power) and a slip-ring induction motor 
(driving the load) are connected as shown in Fig. 25.5. 



Alternator. Induction Synchronous 
Motor. Motor. 

Fig. 25.5. Fan drive. 


If during steady state the speed of the first machine is 1 and that of 
the induction motor is y, then the synchronous motor speed is 1 — 
V = s. There is a constant angular displacement 8 between the two 
induction motor fluxes that run with speeds of 1 and v + s. 

Before interconnection the transient tensors are (equations 24.12 
and 24.15) 


ai S2 as 



25.11 




iUU 


SPEED CONTROL SYSTEMS 



When viewed from inside the induction motor, the reference axis 
S 2 stands still on the stator (velocity 0) and T 2 rotates with the rotor 



Fig. 25.6. Rotating armature axes. 


(velocity ^^ 2 )* Let both reference axes rotate with the rotor flux ^ which 
rotates with respect to the rotor with a velocity pdz- That is (Fig. 
25.6), let 

s r 



The resultant C is 


25.13 
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(c) By Cf -Z-C (where p refers to C but not to Cf) and by Cf 'O, 
Cf-B, 


Z' = 


25.15 


B'l - s 


B's = r 


s -- iMiPdi 






etc., 


s r 


n 4- ?'s2 + (Al ~h Ls2)[p +j(pB2 + pH)] 

M^lp + jipB2 + P^s)] 

M^ip jpH) 

rr 2 '^ rz + (Lr 2 -f Lz)ip -hjpBz) 


s r 




-jM 

j Lr2 


(d) During steady state all currents are constant (as viewed from 
the frame), ^ = 0, also pd 2 + pBs o) and pd^ = 5 co. If 02 + ^3 - 
01 = 5 is the constant angle between the stator and rotor fluxes in 
the induction motor and if the axis r is divided by the slip 5 , 


s r 


ri + rs2 + j(^i + ^82) 

j^m2 

jXm2 

+j{X^ + Xz) 



Fig. 25.7. Equivalent circuit of the fan drive. 


where Ci = —ji^^XmipOi^ The equivalent circuit of the system is 
shown in Fig. 25.7. The torques are the real parts of 

/i = /2 = fz = i^^Ez 25.17 
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The steady-state equations and the equivalent circuit would have 
been the same (except for e') if both reference axes had rotated with 
the stator flux. In that case 

s' r' 


s' 

e' =* 

r' 




25.18 


^361 



^3(01-62'^ 


EXERCISE 


1. Find C, Z, i, and the torque of each machine of the following drives (all poly- 
phase machines), Figs. 25,8-25.11. 



Fig. 25.8. Two induction Fig. 25.9. Differential Selsyns. 

motors in cascade. 



Fig. 25.10. Variable-speed 
drive. 


Fig. 25.11. Variable-speed 
drive. 



CHAPTER 26 


DERIVATION OF THE EQUATIONS FOR GENERAL 
ROTATING AXES 


The Relative Concepts of Induced and Generated Voltages* 

Let the first primitive machine with stationary axes be considered. 
In changing i to i' by i = C*i' to axes rotating with any arbitrary 
speed, let it again be assumed that the power input is the same when 
measured in either the rotating or in the stationary frames. That is, 
let it he assumed that the power input is invariant under the transforma- 
tion. Then by equations 6.1 and 6.2 e is transformed as e = 

(a) The part of e = ZT that contains p = d/dt is the 

induced voltage. Let the method of transforming the induced voltage 
to a frame rotating with pd' be investigated. 



, di 

di^ 


Given: 

e = L" — 
dt 

It 

26.1 

Let 

i = C-i' 

% 

II 

26.2 


e = Cr^-e' 


26.3 


and 


where C is a function of B'. Substituting i and e into equation 26.1, 


Cr'-e' - L. 


d(C-r) 

dt 


\ dt dt / 


dt 


CSV = Vr 

(^ 4 ' 


Since C is a function of B' , 
dt “ dB' dt ” dB' ^ 


dt dx^' dt dx^' 


26.4 


(As BCa'lBx^' is an object of valence 3 in every frame, in direct nota- 
tion its product with other tensors cannot be represented in an easy 

*A.T.E.M., p. 61. 
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manner. Hence in direct notation only one velocity pd' = v' is 
assumed; in index notation, any number px°‘' = v“'.) Substituting 


I + f -‘'f'') («• It § 


Multiplying by = O 

e-.c,a.c.f + c..i.|5.rK) 


6a' 




dt 


+ La^Cc,' pX^ : 


If CrL‘C = L' or La^C^'C^^' = then along the rotating reference 
frame the induced voltage becomes 


dt 












26.5 


(&) That is, along rotating reference frames the previous induced 
voltage l,*p\ becomes partly an induced voltage and partly a generated 
voltage. Hence the division of a voltage vector into induced and 
generated voltages is a relative concept that depends entirely on the 
reference frame. A certain voltage vector may be entirely induced 
or entirely generated voltage, or partly induced and partly generated, 
depending on the relative velocities of the reference frames, the 
fluxes, and the conductors. However, the sum of the induced and 
generated voltages is constant, no matter what the reference frame is. 

It should be noted that the additional generated voltage 
{dQ/d6')*i'pd' is different from the rotor-generated voltage Q'-i'pB. 
The former is due to the rotation of the flux lines produced by i' (the 
currents in the axes rotating with pd') ; the latter, to the conductors 
rotating with pB and cutting the flux lines produced by all currents 
in the machine. 


The Equation of Voltage Along General Rotating Axes 

The remaining part of e = Z*i, that is, e = R*i + G-i, becomes 
after transformation 

e' = R'-i' + pe G'-r I e„, = + pe 26.6 


Hence the equation of voltage along stationary axes 


di 

e == R*i“|“^* ~z — h pB G*i 
dt 


di^ 

ea = Rafl^ + ~ p$ 


26.7 
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THE “CHRISTOFFEL SYMBOL” F„s 
becomes after transformation with C into rotating axes 


e' = R'-i' + L' • G'-i' + pe' V'-i' 


^a' = + ia'iS' + pS + pQ' 


where 


■At 

V' = Cf-L. ^ 

^ as' 


Va'^' = La^Ca' 


d_C^ 

dx^' 


26.8 


26.9 


If the new voltage equation is written 
e' = Z'.i' 1 


26.10 


then the law of transformation of Z follows as 


Z' = C,*-Z.C + Cr.L. — K 

oo 


Za’^’ = Za^C°: C|- + 

ax^ 


px^' 


26.11 


That is, both Z and L of the old reference frame have to be transformed. 

In the equation e' = Z'*i', any p refers only to i' and not to any 
cos B or sin 6 term occurring in Z'. 


The ‘‘Chiistoffel Symbol” Va^ 


It is possible to say that V' is a geometric object, called in tensor 
analysis the ‘‘Christoffel symbol’' (strictly speaking, Va^ is only a 
special case of the true non-holonomic Christoffel symbol [a^jy]). 
Along the stationary d and q (quasi-holonomic) axes all the com- 
ponents of V happen to be zero but along rotating (non-holonomic) 
axes not all the components are zero. That is, the law of transforma- 
tion of V is 


V' = C?-V-C + Cf-L- 


£C 

ai9' 





acp 

dx^' 


26.12 


Since for the first primitive machine V is zero, therefore in going 
over to a rotating frame C*'V*C is still zero, but •'L*{aQ/dd*)pd 
is not. 
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The **Rotatioii Tensor” Ya 


(a) It was shown in equation 16.24 that for synchronous and 
induction machines G can be derived from L with the aid of the “rota- 
tion tensor” 7- 

dr qr 



(This assumption is true only if the flux-density wave is sinusoidal 
in space. In the general case [in commutator machines], the flux 
waves are non-sinusoidal, G is independent of L, and the rotation 
tensor 7 has no existence.) 

(b) Now the rotation tensor 7 may be expressed in terms of C as 
follows: 



Geometrically 7 rotates a vector 90 degrees in space, as was shown 
in Fig. 16.9. 

Consequently G may be expressed as 



where C changes from stationary to rotating axes. 

(c) It may be mentioned that the “rotation tensor” yf is a special 
case of the so-called “coefficients of rotation of Ricci” (just asFa^ 
is a special case of The reason for these simplified forms is 

that in the study of electrical machinery hitherto the rotor displace- 
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THE “ROTATION TENSOR” 7^ 

ment 8 was not assumed as an extra variable, requiring an extra 
axis s, but as a parameter, since the speed pB has been assumed to be 
constant. But as soon as the study of hunting and acceleration 
begins and an extra axis s has to be introduced (to express the equation 
of torque along it), both geometric objects of valence 2, 7^ and 
have to be replaced by their more general form as geometric objects 
of valence 3, and . 



CHAPTER 27 


TRANSFORMING THE TWO PRIMITIVE MACHINES 
INTO EACH OTHER 


Equation of Voltage of Maxwell* 

(a) In starting the analysis of synchronous or induction machines, 
the equations of either primitive machine may be used as a starting 
point, depending on which offers a speedier analysis. It will be shown 
now that the equations of the two types of machines can be derived 
from each other. For general commutator machines, however, the 
first primitive machine cannot be derived from the second, or vice 
versa. 

(d) The equation of voltage along general rotating axes, equation 
25.8, assumes a simple form if pd' = pd, that is, if the rotor axes rotate 
with the same speed as the rotor. It will now be proved that the two 
generated voltage terms may then be combined into one as 


^0(G'+ = 
or that 

G' + V' = dV/dd 


pe{Ga>^' + 27.1 

at 

I “ dLa'^fldd 


(c) Since' the rotation tensor 7 can be expressed in terms of C by 
equation 26.14, for first primitive machine 







dd 


CZ'L 


' 7/3 


27.2 


For the second primitive machine G becomes 

G' = Cf-G-C = ^ -L-C Ga'ff' = G-,C:-Cl> = 27.3 

By equation 26.9 


pe{G' + V') 


fac* ^ 


C + 


de 

d'd. 


‘ A.T.E.M., p. 77. 


^ a(cr-L-c) ^ ^ ^ 
d6 ~ de dt~ dt 
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if it is noted that b'Lj 86 = 0 (L of the first primitive machine has only 
constant components). 

Hence for the second primitive machine the equation 
e' = R'.i' + + p6(G^ + ¥')•!' 

may be written in the form 


e' = R' 

e' 

or 

•i' + L'-pi' + ipL')-i' 

= R'-i' + 

Cot' = Ra'0'i^ + piLct'0'i^ ) 27.5 


e' - R'-i' + P<f>' 



Sa' = -f- P<Pa' 

27.6 


This is the equation with which Park starts to derive equation 26.7 
for the synchronous machine along the direct and quadrature axes. 


The Equation of Torque of Maxwell 


The equation of torque 


f = i'-G'-r 1 

1 f = 

27.7 

may be written by equation 27,3 as 


II 


27.8 

Since in a quadratic form by equation 1.23 


• A • . A + . 

I'A'l = !• *1 

2 


27.9 

equation 27.8 may be written 




5C\ 1 5(CrL.C) 

'50/ 2 50 


1 dV 

f = - i' i' 

2 50 

^ 1 dLa'e’_ 

2 86 

27.10 


(Again it should be remembered that dL/dd = 0 as the components 
of L are constant.) Since the instantaneous kinetic energy (magnetic 
energy) stored in the machine is 


therefore 


r = Ji'-L'.i' 



TP/ It ^ 

1 — 2 ^ 


27.11 



27.12 
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TRANSFORMING THE TWO PRIMITIVE MACHINES 


Equation of Voltage of the First Primitive Machine * 

(a) The reverse of the previous derivation, to be shown now, is 
identical with that given by Park. 

The equation of voltage of Maxwell for the primitive machine with 
rotating axes is 

e = R-i + ^(L-i) I - Rmni"" + 27.13 


where L is given in equation 24.6. 

Now let the rotating reference frame a and b be replaced by sta- 
tionary reference axes d and q by the transformation i = C*i'. 




ds 

dr 

qr 

q. 

II 

d. 

1 




ja _ jdr 0 ^ 0 

a 


cos B 

sin B 


^ =: — sin d cos 6 

V., — 

b 


—sin 6 

cos 6 


11 

q^ 




1 


27.14 


Note that this C is the inverse of what formerly in equation 24.4 was 
called C (Fig. 27.1). 

(Or using the convention of central-station engineers, Fig. 27.2, 





Fig. 27.1. Relation between 
stationary and rotating axes. 



Fig. 27.2. Relation between 
axes in a synchronous machine. 


let the stationary axes ds and qs on the armature be replaced by axes 
da and q^ rotating with the same speed as the field pole.) 


df 


qs 

q/ 


df da qa q/ 


1 





cos B 

—sin 6 



sin 6 

cos 6 





1 


* G.E.R., May, 1938, p. 244. 
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(b) Substituting C*i' for i, 

e = R-C-i' + p(L’C-i') 

= R-C-i' + p(L-C)-i' + 

Let both sides of the equations be multiplied by Ct, 

Ct-e = Ct-R-C-i' + Ct-?(L-C)-i' + Cj-L-C-^i' 

But 

C<-e = e' 

CrR-C = R' 27.16 

Ct-L-C = L' 

where the primed quantities represent the tensors of the primitive 
machine with stationary axes. Hence 

e' = -R'-i' + L'-pi' + Ct‘p(L-C)-i' 27.17 

(c) The expression ^(L-C) can be brought to a more recognizable 
form by replacing L by 

L = Cr^-L'-C-i 


where L' is given in equation 24.5. Then 

^(L.c) = p(cr^-v) = (pcr^)-v 

since ^L' is zero (all components of L' being constant). 
Since C and are functions of d, 


i.(L.C)-(|c,-).V 


dd dt 


Substituting into equation 27.17 

e' = R'-i' + + Cf — ^ -Vpe-i' 

oB 

But by equations 26.14 and 26.13 



27.19 
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(where C changes from rotating to stationary axes). The equation of 
voltage of the primitive machine becomes 

e' - R'.i' + V-pV + pe G'.i' 27.20 

This is the same as equation 26.7. 


Equation of Torque of the First Primitive Machine 

Let the equation of torque of Maxwell for the primitive machine 
with rotating axes be 

- dT X . dL 

J ^ rsa o 


dd 2 dd 

Let i be replaced by C‘i' = i'-C^ 

Again replacing L by 

1.0 a(cr^.L'.c-^) 

C-i 

Since L' is constant, SL'jdd is zero. Hence 

. 1 ^ ^ , 1 , 5C-1 

J — 1 •Xj •! “pTt'L* 

2 dd 2 dd 


27.21 


•C-i' 


However, the second term is equal to the first since i-A-i = i'Ajd 
and Lt = L. Hence 

dCr^ 


f = i'-C 


r ' 


Since by equation 27.19 


dd 


•L'-i' 


acr* 

Co-^.L' = G' 

therefore the torque of the primitive machine is 

/ = i'-G'.i' 


27.22 


27.23 



CHAPTER 28 


SMALL OSCILLATIONS* 

The Equations of Voltages and Torques 

(a) During small oscillations (hunting) the speed of the rotor pd 
is no more constant and the moment of inertia M of the rotor enters 
into the equation of torque. The equations of impressed voltage and 
impressed torque of the first primitive machine are 

e = R*i + L*^i pB 0*1 = Rmni^ + Lmnpi^ + pB 

T = Mp^B - i-G-i T = MpH - Gm,n^i^ 28.1 

These two equations describe the performance of the primitive 
machine (hence all machines with relatively stationary axes) during 
acceleration. In terms of ^ and B they are 

e = R*i p(p + 3 PB Cm = + p(pm + Bmp& 

T = MpH i-B r = Mp^B - i^Bn 28.2 

(b) When the machine’s equilibrium is suddenly disturbed, i be- 
comes io + Ai, where io represents the steady-state current existing 
before the disturbance, and Ai the superimposed change. Let 

i = io T* Ai e = 00 T Ae 

6 — Bq AB T — Tq "T at 28.3 

The tensors R, L, and G have constant components; hence, no change 
occurs in them during hunting. 

Substituting and canceling second-order changes, 

00 + Ae == (R + J^p + pdo^)'‘i^Q + Ai) + pAB G*io 

Tq -}- AT — ]\£p^{do -{- AB) — (io “b Ai)*G*(io 4” Ai) 28.4 

Subtracting the original equations (and assuming pAB = A;^^), the 
equations of hunting of the primitive machine are 

Ae = (R -f- L^ -{“ pB(f^) * Ai -j- G’i^ ApB 

AT = Mp^AB - io*(G + G^-Ai 28.5 

* A.T.E.M., p. 114. 

213 



Oivi/iLi.1^ U5)L.ll-L.Ai lUiNb 


In terms of (p and B the above equations are 
Ae = R* Ai + pliip + 

AT = Mp^ AO - (Bo-Ai + AB-Iq) 28.6 


The Motional Impedance Tensor 

(a) The two equations may be combined into one if, in addition 
to the four electrical axes d^, dr, qr» and a fifth axis s is introduced 
representing the direction of the instantaneous angular displacement 
$ of the rotor (geometrically s lies along the rotor axis). All torques 
are represented along this geometrical axis s. In the presence of a 
fifth variable S, let “compound tensors” be introduced. In particular 
let: 


1. i and p9 be represented as the components of a new “generalized 
velocity (or current) vector” x 

ds dr C[r Qs S 


X = 

i 

pe 



idr 

i^r 


pe 

28.7 

2. e and T be represented as 
force (or voltage) vector” p 

the components of a new 

dg df Qr Qs S 

“generalized 

P = 

e 

T 

- 

Cd^ 

Cdf 

CQr 


T 

28.8 


(Jb) In terms of these generalized vectors, the two equations of 
hunting 28.5 may be represented as subdivisions (in the manner of 
equation 2.1) of one equation Ap = E-Ax 


Ae 

^T 


Al 


6.pB 


R H- X/p -(- peGr 

G*io 

—io* (G -f Gd 

Mp 


Ai 




Z 

Bo 

— io’Gi —■ Bo 

Mp 


28.9 


where Z will be called the “motional impedance tensor.” 

The motional impedance tensor % for any machine consists of its 
transient impedance tensor Z augmented by an additional row and 
column s corresponding to the additional {geometrical) degree of freedom. 
The additional row and column contain the steady-state currents and 
fluxes upon which the hunting is superimposed. 
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Table VII shows Z and Zg of the primitive machine for various sign 

conventions. 

It is important to note that in the additional row the flux densities 

TABLE VII 


Motional-Impedance Tensor E of the Primitive Machine 



Bd and Bq occur with signs opposite to those in the additional column, 
no matter what sign convention is used (as long as the coefficients of 
all p terms — the components of — have the same sign). That is, 
Z is always skew symmetrical with respect to B in any reference frame, 
(See also equation 31.4.) This relation serves as a check on the 
correctness of the equations. 
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(c) It should also be noted that when the direction of rotation 
changes, then: 

1. p6 assumes negative values. 

2. The row and column of s are also multipled by —1. 

The Establishment of Z' 

(а) Since the Z of the primitive machine and of every other machine 
has an extra axis s, similarly the C of every machine has a geometrical 
axis s in addition to its electrical axes. 

When all components of C are constants, then Z' = Cf*Z-C. 
Since Z contains the steady-state currents io of the primitive machine, 
after transforming Z by Cf • Z • C, it is still necessary to transform the 
steady-state currents individually with the aid of the set of equations 
io = C'io. Thereby not only Z' is expressed along the new axes but 
also its components. 

(б) Once the transient Z' of a machine has been established, it may 
be subjected to various types of manipulation depending on the 
problem at hand. In particular, may be investigated: 

1. The stability of the system under a sudden impact of voltage 
or torque. 

2. The values of the hunting-frequency currents and displace- 
ments under impressed impulses. 

3. The damping and synchronizing torques. 

4. The natural frequencies of vibration of the system. 

In all such investigations the first step is to establish the transient 
motional impedance tensor Z' of the system. 

Transient Stability 

The stability of the system under a sudden impact is investigated 
by equating the determinant of Z' to zero and applying Routh’s or 
other criteria. 

Even when the components of C are constants, two cases will have 
to be distinguished. 

1. The steady-state currents io are constants. 

2. The steady-state currents are complex numbers (sinusoidal 
in time). 

In the first case the coefficients of all p are real numbers; in the 
second, they are complex. In the first case Routh's criterion, shown 
in equations 19.7--19.10, in the second case Schur’s criterion (given 
in advanced mathematical textbooks), have to be used. 
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HuEtiag-Frequeacy Currents and Velocities 

When the impressed changes are sinusoidal (say when the 
machine drives a pump with sinusoidal load variation) having a 
frequency A, then the additional currents and velocities may be 
determined. Again two cases have to be distinguished. 

(a) When the steady-state currents io are constant, all Ax are of 
hunting frequency A, hence: 

1. All p are replaced by jAco. 

2. All pd become vo). 

3. Apd becomes Avo), or rather the last column s is multiplied 

by CO, changing there all LtoX and leaving Av as the variable. 

4. To express torques in synchronous watts, the last row of s 

is also multiplied by co. 

Then Ai' is found by 2'“"^-Ap, that is, by calculating the inverse 
of the steady state £. 

(A) When the steady-state currents io are not constant but are, say, 
of fundamental frequency co, then the superimposed currents have two 
different frequencies (1 — A)co and (1 + A)co. The solution of £ for 
such cases has been undertaken in another publication.* 

Damping and Synchronizing Torques 

To determine the stability or instability of a machine, the determi- 
nant of £ is equated to zero and Routh’s criterion (equation 19.7) is 
applied. Another method of analysis is based upon the assumption 
that only one dominating oscillation frequency ho) exists (whose 
approximate value, however, has to be assumed). 

Leaving out Mp^ from Z and subdividing Z along the electrical 
and mechanical axes into four components, the applied electrical 
torque is a complex number (replacing all p by jAco) 

ATe = (Z 4 - Z3-2r'-Z2)A0 = (r, +jho>TD)AB 28.10 

Td is called the damping torque coefficient, and Ts the synchronizing 
torque coefficient. When Td is negative the system hunts. 

Natural Frequency of Oscillation 

Once T d and Tg are known, then Mp^ can be resubstituted, giving 
(for a single machine) 

AT = {Mp^ + TdP + Tg)Ae 28.11 


A.TE.M., p. 119. 
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The equation Mp^ + Tap + T* = 0 gives for the natural frequency 
of oscillation (as a fraction of to) 




where in per unit M = 4zirfH and 

0.231 {WB?) X (syn. r.p.m.)^ 


il = 


When Td is small 


Base kv-a. X 10® 




28.12 


28.13 


28.14 


If in calculating Ts the assumed h differs greatly from this correct 
h, Ts should be recalculated with the corrected h. 

Compound D-C. Machine 

The connection diagram and C of a compound d-c. machine are 
(Fig. 28.1) 



Fig. 28.1 Com- 
pound d-c. ma- 
chine. 


C = 



f 

s 

d. 

fid 


qr 

1 


qa 

ng 


s 


1 


28.15 


Z of the primitive machine is, from Table VII-1, 


d;} Qr Qs S 


fds + ^dsp 




-M'ape 

Tt “h Lqrp 

Mgp 



Mgp 

Tga + Lqsp 





Mp 


The transient Z' is found by CrZ-C. Replacing in the border row and 
column by and by as indicated by equation 28.15, 
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f 

Z * 

s 


nli^ds + Ldsp) + (rr + Lqrp) -h 
nlirqs + Lqsp) - fidMape + luqMgp 

—i^ndMd 

2i^ ndM'a 

Mp 


The steady-state is found by putting p = jhoi, pd = vca = 03 and 
multiplying the bordering row and column s by co 


nlirda ■+■ jhXds) + (Tt + jhXqr) + 
'f^gi^qs-j^j^Xqs) ^dXfnd “\'2nqjhXmq 

i^fldXjjid 

2i^ tldX-fjfid 



The equations of hunting are Ap' = Z'-Ax. 


Induction Motor 

It has been shown for the double-fed induction motor that a refer- 
ence frame rotating with the fluxes allows a simpler steady-state and 
transient analysis of polyphase machines. The use of such a reference 
frame during hunting makes the steady-state currents and fluxes in 
Z constant. 

The same C is used in transforming Z as used for Z, namely, equa- 
tion 23.9, except that C now has an additional axis s 



as 

ar 

hr 

hs 

s 

d. 

cos 01 



—sin 01 


dr 


cos 01 

—sin 01 



C = qr 


sin 01 

cos 01 




. ' ‘ 

sin 01 



cos 01 


s 





1 


28.17 


Since C is a function of time, the law of transformation of Z is found 
either by Ci-Z*C, where the p in Z refers to C (but not to Ci)» or by 
equation 23.3 

Z' = CrZ-C + CrL.— M 
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as 

ar 

hr 

ba 

s 

as 

Tq -j— Lsp 

Mp 

— MpBi 

—Lspdi 


ar 

Mp 

Yr + Ltp 

LrpBa 

— Mpds 

+ i"Lr 

br 

Mpe> 

Lrp^B 

Yr + Lrp 

Mp 

-i^^M - t^^Lr 

bs 

Lsp^i 

Mpdi 

Mp 

Ys -f Lsp 


s 





Lp 


28.18 


where pBs = pBi — pB 2 - All steady-state currents are constant. 

When no voltage is impressed on the rotor, as in a standard induc- 



Fig. 28.2. Axes rotating with stator flux. 


tion motor, this Z is used unchanged. However, in a double-fed 
motor e, equation 23.7 is a function of 5 and an additional term has 
to be added to Z, as will be shown in equation 29.20. 


EXERCISES 

1. Eliminate the stator axes and stator currents in Z of equation 28.18. 

2. Find the steady-state form of equation 28.18. 

3. Find the transient and steady-state Z of the following machines: 

(a) The amplidyne of Fig. 18.2&. 

{h) The Scherbius advancer of Fig. 22.6. 

(c) The shunt polyphase commutator motor of Fig. 22.10. 

{d) The double squirrel-cage induction motor of Fig. 22.8. 




CHAPTER 29 


THE HUNTING OF MACHINES WITH SLIP RINGS 
Calculation of Ap' 

{a) The steady-state voltage impressed on a machine is e' = 

If its components are constant, then e' does not contribute to Ae'. 
But if e' is a function of 5 or ^ (as it is in all machines having slip rings), 
then during hunting its contribution to Ae' is 

Ae' = -.Ae 29.1 

In general the value Ap' in the equation Ap' = £' • Ax' is 

Ap' = Ae + P' i.Pm' = 29.2 

Ov OX 

where p' = C^-p, and where 

1. (dp'/d6)*A0 is due to the presence of applied variable steady- 
state voltages and torques. 

2. P' is any additional sudden or hunting-frequency change of 
voltage or torque applied. 

(b) In order to represent the equations of hunting also in this case 
as Ap" = £"-Ax", the Ad term of Ae^ is carried over to the right- 
hand side of the equation. Since on the right-hand side the column 
of Apd already occurs, in such cases Ad is assumed as the variable in 
place of Apd and the corresponding column of £' {after transformation) 
is multiplied by p. Then the two columns of Ad can be added to form 
a new column of That is, now the law of transformation of £ is 

29.3 

The addition of dp'/dd indicates that Apd has to be replaced by Ad 
by multiplying its column by p. The equation of hunting of the new 
system is 

P' = 2'-Av' 29.4 
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THE HUNTING OF MACHINES WITH SLIP RINGS 


where 


Ai A0 I while Ax ~ I Ai d^ipd) 


Synchronous Machine Connected to Infinite Bus 

{a) When a synchronous machine is connected to an infinite bus 
e, ^2 (Fig- 29.1), its eg (equation 18.17) is 


d/ d/; da (Ja QA: 







- 


/ /// \ 

• « 

\ / 

eg = 

E ^ sin 5 

e cos 5 

0 


where 5 = — ^2 ~ ^ait. ^ ^bus. Since its 

Fig. 29.1 Alternator con- q the unit tensor, therefore el = e, and 
nected to infinite bus. * ® 

, del del del 

Ae. = — ^ A5 = — Adi A^2 29.7 

^ d5 ddi dd2 

Since Ad2 = 0 (that is, since the infinite bus does not hunt), Adi 
can be replaced everywhere dy Ad = Adi — Ad2. Hence 

d/ d^; da Qa QA: 


Ae, - ^A^i 


dfl qg 

e cos 5 AS —e sin 6 A5 


These voltage changes appear on the terminals in all cases, in addi- 
tion to any outside voltage and torque changes that may be 
applied. 

(d) Hence, by the law of transformation of Zg, 

z: = CrZ,.C - ^ 29.9 



29.10 
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(Note that the first five rows and columns are Z of equation 16.31.) 


d/ 

dk 

da 

qa 

q/: 

s 

AE 


Aed 

<1 


AT 

d/ 

dk 

da 

qa 

q^ 

s 


At^^ 

Ai‘“‘ 



A 5 


where pB is written for pBi and b — Bi — 62^ 

By convention, central-station engineers use generated voltages and 
impressed torques. Hence the last equation of has to be multiplied 
by -- 1 to correspond to this convention. 


Elimination of Field Axes 

If the field axes d/, d*, and are eliminated by Z' = Z4 — Z3 -ZJ"^ •Z2 
and e' = e2 — Z3*Zf^*ei, the simplified equations are 


Av 


da qa 


I Ai®« 


A5 



da 

qa 

S 

da 

-ra - Ld{p)p 

Lg{p)pe 

Bdp — e cos 5 

„/t 

Zg = qa 

—Ld{p)pS 

-Ta - Lq{p)p 

Bqp 4- e sin 6 

s 

-i^Laip) + Bi 

t^Lqip) -f Bq 

Mp'^ 


tea — G{p)pAE 
Aeq — G{p)pdAE 
AT - %^G{p)AE 


29.11 


During steady hunting, p = jho) and 



da 

qa 

s 

da 

—fa —jhxdijh) 

Xq(jh)pd 

jhBd — e cos 5 

tf 

= qa 

--Xd{jh)pe 

-ra — jhxdijh) 

jhBq -j- e sin 5 

s 

-i^Xdijh) -f Bd 

i%(jh) + Bq 

Mp^ 


Acd G(jk)jhAE 
Aeq — G{jh)pBAE 
AT — iqG(jh)AE 


29.12 
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(b) Using the per unit symbols of the central-station engineers 
Ldip) = Xdip) r + Ldip)p = Zd(p) Bd = -pqo = ido 

Lqip) = Xqip) r + Lg{p)p = Zgip) Bg = pdjo = iga 



Xd{p), Xq{p), and G{p) are defined in equation 20.17 and ^ in 20.29. 

It should be noted that the flux densities B occurring in the geometri- 
cal axes s may be replaced by flux linkages yp only in synchronous and 
induction machines. In commutator machines (d-c. or a-c.) , B and p 
are two different concepts with no apparent relation between them. 


Numerical Example 

Let a synchronous machine without excitation (or a polyphase in- 
duction motor running at synchronous speed) have the constants (when 

,OZ/p .233 

.477 
.00864 

P 

Fig. 29.2. 



the rotor is connected to an impedance load) as shown in Fig. 29.2. 
i. Steady-State Performance 


fa = 0.02 

Xd = Xg = 3.02 + 0.233 = 3.253 


So = L05 = w = 1 

5 = 0 
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By equation 20.33 

Ca sin 5 ea cos 5 


-rJD 

XdfD 

-Xd/D 

-ra /D 


0 

1.05 


-0.02 

3.253 

-3.253 

-.02 


-0 324 : 
-0.00198 


Bd = i^Xs = -0.00198 X 3.253 = -0.0064 
Bq = = 0.324 X 3.253 = 1.052 

2. Hunting Performance 

XdiJh) = xg(jh) = 0.233 + — — = 0.656 - i0.161 

3M 0.477 -i0.216 
h = 0.04 jhxdijh) = 0.00645 + i0.0262 
Substituting into equation 29.13 (ignoring Mp^) 


-0.02645 -7*0.0262 

0.656 - 7*0.161 

-1.05 4-70.000256 

-0.656 -f 7*0.161 

-0.02645 - 7*0.0262 

7*0.042 

-0.0051 -7*0.000319 

0.84 4-7*0.0522 

0 


I 


AT = -Zs-Zf^-Za = 1.26 +i0.394 29.16 

Therefore 

Ts = 1.26 
0 394 

The system is stable at the frequency of hunting 0.04 X 60 = 2.4 
cycles per second. 


Double-Fed Induction Motor 

When the impressed voltage vector of a polyphase induction motor is 


as 

ar 

hr 

hs 

s 


e = p = 

— ^3 sin 3 

ez cos 5 

ei 


29.18 
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where 8 — 62 + 85—61 (and e = Mpd), then Z' of equation 27.18 
has to be supplemented by — dp/ 35 


dp 


since A^i and Ads are both zero. Hence 



Ss 

ar 

br 

hs 

s 

11 

1 M 

Ct> jfD 


€3 COS 5 

63 sin d 




Multiplying the last column of equation 28.18 by p (thereby assum- 
ing Ab as the variable in place of Aph) and adding to it the above equa- 
tion, the Z' of the double-fed induction motor is (assuming both refer- 
ence axes fixed to the stator flux) 


ar 

2' = b, 
b, 
s 


Q.S &r hr bs 


rs -f- Lsp 

Mp 

— Mpdi 

—LsPOl 

0 

Mp 

rr + Lrp 

ArPBg 

— Mpds 

(Mz^^ + LrZ^)p + ez cos 3 

MpBs 

LjpOs 

Tr -j- LrP 

Mp 

+ Lri'‘^)p + es sm 5 

LspSi 

MpBi 

Mp 

‘i'a "4“‘ LsP 

0 

i"u 


t^M 

-i^^M 

Lp^ 
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where == i^^MspOz and pds = pOi — pd 2 > The steady-state currents 
and voltages are all constant. During hunting p == jhoi and * 


&s 

Sir 

Z' - br 

b. 

s 


3^ 3r bf b^ s 


rs A- jhXs 

jhXm 

-Xm 

-Xs 


jhXm 

tr A-jhXr 

-sXr 

sXm 

MXrt’" + Xj+) + 63 cos 5 

sXn. 

sXr 

Tr +jhXr 

jhXm 

-MXri’^-' + Xr^i'^) 4- es sin 5 

Xs 

Xm 

jhXm 

U + jhXs 




i^Xm 


Lf 
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The Hunting of Polyphase Machines 

(a) The Z of interconnected systems may be established in two dif- 
ferent manners: 


A.T.RM., p. 119. 
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1. The £ of the primitive (or other system) is transformed by C. 
(The general laws of transformation, valid for the most general cases, 
are given in the next chapter.) 

2, The transient pre-hunting equations e' = and T' = 

are first established with the aid of C, then small changes are made. 
(Or the scheme of equation 28.9 is established if the axes are station- 
ary.) 

The two methods serve as checks upon the correctness of the equa- 
tions. 

{h) When polyphase machines with smooth airgaps are intercon- 
nected, the matrices of equation 28.9 assume the form 


29.22 


(Note that G' = G^ + G^., equation 16.33.) 

Sometimes it is advantageous to establish e' = Z'T' and T = 
i'*G'*i' as polyphase (complex) equations in the manner of Chapter 
22, afterward to change them into real form by equations 22.5 and 
22.6. Then the hunting equations are established. 

It is possible to establish Z' of any polyphase system by transforming 
Z of the primitive polyphase machine with the aid of a complex C. 
That transformation is not considered here, however. 


Ae 


AT 


Ai' 


AG 



(G'd')^ - ae'/ae 




EXERCISES 

1, Eliminate the stator axes and currents in equation 29.19. 

2. For the double-fed induction motor: 

{a) Find C in which the rotor axes ar and hr rotate with the rotor flux instead of 
the stator flux (the rotor flux is at an angle -h ^r) from a stationary axis, while 
the stator flux is at an angle di — Bs on Fig. 24.5). 

(5) Establish the corresponding 5. 

(c) Find C in which both stator and rotor axes rotate with the rotor flux. 

(d) Establish the corresponding Z. 
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THE LAW OF TRANSFORMATION OF Z 
The Classification of C 

When the components of C are constants, the laws of transformation 
of Z and Z are Cf -Z-C and Cf -Z-C - d&'/d6. 

The components of C may be functions of time that do not change 
because of hunting. This was true in equation 28.17 where the refer- 
ence frame rotated uniformly with a velocity pO with respect to the 
rotor no matter what the rotor itself did. (That is, AC = 0 but pQ 9^ 
0.) In that case, the laws of transformation of Z and Z are either as 
above, where the p in Z refers to C and i, or equation 23.3 and 

30.1 


where p refers only to i. 

When two interconnected synchronous machines run at a constant 
angle 5, then during hunting this 6 (occurring in their C, equation 20.41) 
also varies. Then AC is not zero even though pQ is zero. 

The law of transformation of Z when AC 7 ^ 0 is to be investigated 
now. 

The Laws of Transformation of and 

It has been shown that the laws of transformation of the velocity 
vector yf and the force vector pa are those of tensors, namely, 

i = C-x' = Ox"' 

1 , 30.2 

P = C^ ‘p' pa = Capa' 

The question now arises: What are the laws of transformation of 
their differentials dx" and dpa (or Ax" and Lpa) ? If the components of 
O are constants, they transform as x" and pai but if O is a function 
of the variables or the parameters, then their laws of transformation are 
more complicated. 
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Making small changes in the above equations 


where 


Ax = C-Ax' + AC*x' 



Ax“ = 



Ap = Cf ^*Ap' + AQ ^‘p' 



APc = Cf^Pa' + ISC^'pa- 


ac 

AC = — Ae 

ae 



30.3 

30.4 

30.5 


In the extra term of the law of transformation of Ax there occurs x, 
and in that of Ap occurs p. Hence Ax“ and LPa are neither tensors nor 
geometric objects but “partial geometric objects” since, in their law of 
transformation, not only C“ and but also (and pf) occur. 

Since in the general case neither Z, nor Ax nor Ap are tensors, the 
equation of hunting Ap = Z* Ax is no longer a tensor equation. 


The Law of Transformation of Z^/s 

When C is a function of a parameter h (such as the angle between two 
synchronous machines running at the same speed) , Z is no more a ten- 
sor. For the primitive machine let 

Ap = Z*Ax 

Substituting Ap and Ax from equations 30.4 and 30.3, 

Cr^-Ap' + ACr^-p' = Z-(C*Ax' + AC-xO 
Multiplying by Cf, 

[ ac 1 

Ci-E-C + CrZ— -i' - Cr -P'J Av 30.6 


where Av contains Ai and M as its components. 

Hence, when C is a function of a parameter, two terms are added to 
Z', one by the law of transformation of Ax, the other by that of Ap. 

Since Ap' is (3p/ 30) • AO + P', the equation of hunting of the new ma- 
chine is 


P' = Z'-AV 

where the law of transformation of Z' is 

&C 
30 


30.7 


Z' = CrZ-C + CrZ- 


■x’ 


p , ae' 

‘ 30 ** 30 


30.8 
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When the Inverse of C Does Not Exist 

(a) When does not exist (required in the last but one term) a 
new expression may be derived for it. Let 

C“^*C = I 30.9 

Differentiating A(C“^-C) = 0 - AC“-^-C + Hence 

crAcr^ = -ACrcr^ 30.10 

Substituting, CrAC^^'P' = ACrCf^*p' = — ACrC[“Lc^.p 
or 

CrACr^-p' = -ACrP = -ACre 30.11 

Hence C“^ disappears, but in its place appears e, the applied voltage 
existing before hunting and before the transformation. 

Since Z' contains the steady-state io', it is advantageous to express e 
also in terms of as 

e = Z-i = Z-C-i' 30.12 


Hence the law of transformation of Z is 



(b) When the components of C and io contain functions of time, then 
all pinZ refer to all such variables to the right of them. In such cases 
the order of the components in the multiplication cannot be changed. 
The expanded law of transformation for such conditions is given else- 
where.* 

Mechanical Problems 

It may be mentioned that in most mechanical problems (in holo- 
nomic dynamical systems) the equation of hunting is not Ap = ZAx but 

Ap = Z'Ax I Apa = Za^Ax^ 30.14 

where x are the variables. Since the law of transformation of Ax is 

Ax - C- Ax' I Ax'" = Cl>Ax^' 30.15 

* i4.r.E.Jkr., p. 128, equations 42 and 46. 
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the extra term in equation 30.13, Cf •£*(^c/dx)*i' (due to the law of 
transformation of Ax), is absent; hence in mechanical oscillation proh-> 
lems the law of transformation of Z is 


W 


Cf-Z-C 4- 



ax 




= t 


dx^~' 


^Pa' 

30.16 


where p = pa the steady-state force equation of the system before in- 
terconnection and p' = pa' is the applied steady-state force after the 
interconnection. All p = d/dt in Z refer to both C and Ax. 

The equation of transformation 30.13 developed for electrical ma- 
chinery is valid for non-holonomic dynamical (mechanical) systems in 
which the velocities also are subjected to small changes. 


EXERCISES 

1. Find the transient Z of the amplidyne of Fig. 18.3. 

2. If the frequency of oscillation of the amplidyne is what is the steady-state Z? 

3. If a synchronous machine (and the bus) run at a speed vq3 and the field hunts at 
a frequency hca, what is the steady-state Z of the synchronous machine? 

4. Using the design constants of Fig. 20.6, find Ts and ri> of the synchronous 
machine at the angles stated in exercise e, Chapter 20. 



CHAPTER 31 


THE EQUATION OF MOTION * 


The Electromagnetic Field Tensor Fa^ 

{a) The two equations completely determining the accelerated mo- 
tion of a single rotating machine with relatively stationary axes have 
been given in equations 28.1 and 28.2 as 


e = R*i L‘^i + ^0G*i 
T = Rpe+ Mp^d - i-G-i 


Cm — Rmni^’\^Lrnnpi^’\'P^Gn 
T = Up^e - Gmn^i^ 


31.1 


e = R*i -f- P(p "Rpd 
T ^ Rv + p(mv) — i-B 


— Rmn^ "h P^m "f" Rmp^ 
T = Mp^^B - 


where the mechanical friction R is introduced for the sake of symmetry. 

{h) These two equations also can be expressed as one equation in 
terms of ‘"compound” tensors (analogously to the equations of hunt- 
ing) by introducing the geometrical axis s to express along it the me- 
chanical quantities. That is, let the following compound tensors be 
introduced : 


pet 


X = X® 


e T 


i . 


L 



M 


n 

R 



R 


The tensor is called the “metric tensor.” 

It should be expressly noted that the rotor flux-density vector B occurs 
hvice in the complete set, in particular: 

1. In the voltage equation it produces generated voltages. 

2. In the torque equation (with negative sign) it produces torque. 


The B vector has to be arranged as a skew-symmetric tensor of va- 
lence 2, F == Fa 0 




0 


F - = 

‘ A. p. 95. 



B 





G-i 

-i.G, 



31.4 
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the so-called "electromagnetic field tensor” that occurs in the tensorial 
field equations of Maxwell, equation 14.7. (It should be noted that F 
also occurs as a component of Z, equation 28.9.) 

(c) In terms of these compound tensors, the two equations can be 
combined into one, the so-called equation of motion 

p = r-i -h a-^x + F-i i pa = 31.5 

where the field tensor F is a function of i. In this form the eqimtion may 
include any number of p6's, not only one. 

Acceleration of Direct-Current Machines 

In many d-c. machine applications it may be assumed that during 
acceleration the rotor flux-density B remains constant along each axis. 
Then the field tensor F is constant and x may be factored out as 

p = (r + a^ + F)-x = Za*x 31.6 



Fig. 31.1. Compound d-c. machine. 

This is a set of linear differential equations with constant coefficients, 
just as e = Z*i or Ap = Z-Ai are, and can he solved with Heaviside's 
expansion theorem for the instantaneous velocity and currents k as i == 

As an example, let the acceleration of the compound machine of 
Fig. 31.1 be analyzed. The Z of its primitive machine is 


ds qr Qs s f s 



Z' = CrZ'C, where Z' may be expressed as r' + a'p, so that 


f s f s 








Since the flux-density vector is = —MandH' 


i s 



— Mdndi^ 

Mdndd 



Tt + nlvds + nlvcis 
+ {n^Lds + Lqr + 

nlLqs 4* 2nqMq)p 

— Mdndi^ 

Mdnai^ 

Mp 


The solution of x == gives the instantaneous current and rotor 

velocity v\ 


The Torsion Tensor Sa^y 

{a) Instead of the two B’s let the two G’s be arranged into a com- 
pound tensor. Since the B’s are arranged into a tensor of valence 2, 
the G’s must be arranged into a tensor of valence 
3 (Fig. 31.2) called the ‘‘torsion tensor” Ta^y. It 
is skew symmetric in the first and third indices. 
That is, 

~ 'Ty^ot 31.9 



Fig. 31.2. Building 
up the “torsion ten- 
sor" — 2 Sa^y. 


Many writers call half of T^^y the torsion tensor 
^ci^y that 

Ta^y = 2Sa^y 31.10 


Q}) It should be noted that, in commutator machines where G is inde- 
pendent ofLf the torsion tensor S^^y is also independent of the metric tensor 
But when G = then Sot^y can be expressed in terms of Oa^. 
That is, in synchronous and induction machines 


^a^y 


- a^sC^ 


f-B' { 


dci,\ 

hxP'J 


31.11 


where is a function of the displacements of the rotor conductors. 

(c) In terms of Saisy the equation of motion (valid for machines with 
relatively stationary axes) becomes 


dx^ d^x^ 


+ 2Sy^a 


dx^ dx^ 
dt dt 


31.12 







235 


THE CHRISTOFFEL SYMBOL [a/ 3 , 7 ] 

where represents the charges and instantaneous displacements. In 
the general case these differential equations can be solved only by step- 
by-step methods. 


The Affine Connection 

(a) When the reference frames rotate with any arbitrary velocity 
pe\ then the additional V that appears in equation 26.8 may also be 
incorporated with the two G’s into a geometric 
object of valence 3 (Fig. 31.3), the so-called 
affine connection (It is not a tensor, but 

a geometric object, since V is not a tensor. It 
is customary to place a comma before its last 
index.) 

In terms of the affine connection, the equation 
of motion is 



dx^ 

pa = 




+ r^7 


dxP dx^ 
dt dt 


31.13 


Fig. 31.3. Building up 
the “affine connection “ 


This equation represents the performance of any number of machines with 
any type of rotating frame. 

In the general case of commutator machines the components of 
arbitrary quantities independent of aap- They represent the mutual indue-- 
tances due to the existence of rotations of conductors and reference frames. 

The law of transformation of Ta^.y is analogous to that of V, equa- 
tion 26.12 

+ ayaC;- 31.14 


(b) If the parameter t (time) is replaced by 5 (distance), the resulting 
equation represents a line in an n-dimensional '^non-Riemannian'^ 
space. Hence with t the equation of motion 31.13 may be said to 
represent the motion of a particle in an ?z-dimensional non-Riemannian 
space. 

The Christoffel Symbol [O'Py'y] 

{a) In special reference frames the components of assume spe- 
cial forms. For instance, for the first primitive machine and in general 
for machines with relatively stationary axes 

Another very important special case is the holonomic frame of the 
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second primitive machine. The equations of voltage and torque of 

Maxwell are t. • i ../t -n 

e = R*i + p(L'\) 

^ „ ,, 1 . 5L . 31.16 

r = Rpd + Mpv - ^ -i* — *1 

z ou 

The first equation can be written 

dL 

e = R-i + + pd — *i 

dd 

1 dL dL 

jf and — are arranged analogously to the two G’s (Fig. 

2 dd dd 

31.4a) the resultant is a geometricTobject of valence 3, the so-called 
holonomic Christoffel symbol. 

It is customary (and from a tensorial point of view necessary) to 
divide dL/dd into the sum of two equal matrices {yQdL/dd and ar- 








Fig. 31.4. Building up the “Christoffel symbol” [ 01 / 3 , 7 ]. 


range them as shown in Fig. 31.46. The resultant equation of motion 
in both cases gives the same answer. 

(6) Since in such holonomic frames 

TaB,y = [oc^,y] 31.17 


the equation of motion for holonomic reference frames is 


dx^ 


d^xP 

+ + WyM 


dt dt 


31.18 


where the Christoffel symbol is defined (with any number of rotating 
members) in terms of the metric tensor a^/j as 



Its law of transformation is the same as that of Fa^s.-y, namely, equation 
31.14. 

(c) Note that: (1) The order of the indices in the denominator is 
a, i3, y the same as in [a^jy]; (2) the two indices in each numerator 
differ from those in their respective denominators. 
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26>!> 


or 


Py f'y^OC^ 


dx^ 

dt 


+ [a^,y]x^x^ 


31.22 


(b) In the general case of commutator machines when Ta^^y is not a 
function of (that is, when G is independent of L), the equation of 
motion cannot be expressed in terms of the kinetic energy T and it cannot 
be considered a modification of the Lagrangian equation. Classical 
dynamics has no equivalent concepts to offer, and the concept'"^ of rela- 
tivistic electrodynamics must be resorted to, from which the entities 
Ta^^y and S^^^y have been borrowed. Classical dynamics employs only 
the Christoffel symbol [a/5,7]. 

In the special case of synchronous and induction machines when G = 
Y/*L, then Ta^,y can be expressed in terms of the kinetic energy T by 
using the Boltzmann-Hamel extension of the Lagrangian equation that 
has been developed for non-holonomic reference frames, namely 



dT 

bx^' 


+ 


bT 

bx^^ 




\dx^ 


dx^ ) 




7 ' 


31.23 


The derivation is to be found in other publications.* 


EXERCISES 


1. Find %a of the machines of Figs. 31.5 and 31.6. 

2. Starting with the law of transformation of the metric tensor aajs, derive that of 



Fig. 31.5. 



3. Starting with the law of transformation of derive that of the Christof- 

fel symbol. 

4. Prove that [a^,y] = [0q!, 71; [a/ 3 , 7 ] + bM = * 

* Kron, “Non-Riemannian Dynamics of Rotating Electrical Machinery,” Journal 
of Mathematics and Physics, 1934, pp. 103-194; G.E.R,, October, 1938, p. 448. 
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THE THIRD GENERALIZATION POSTULATE 

Vectors without Magnitude and without Direction 

In conventional vector analysis a vector is defined as a “physical 
entity that has magnitude and direction.” That a vector has a “law 
of transformation” when the reference frame changes is tacitly as- 
sumed as self-evident without any further statement. This obvious- 
ness of a law of transformation is due to the simplicity of a Euclidean 
space and the ease of visualization of entities in such a space. Also in 
a plane or in a three-dimensional Euclidean space with orthogonal 
reference frame the inverse of C (or rather C~^) is identical with C, 
there is no difference between a covariant and a contravariant vector, 
and the law of transformation loses its importance as a yardstick to 
recognize physical entities. 

With the introduction of generalized coordinates (in electrical and 
mechanical network and machine studies), the space in which the 
vectors lie and the reference frame in which they are measured get 
more complicated, hence the emphasis in the definition of a physical 
entity (such as a vector) must be shifted to its law of transformation. 
In tensor analysis a vector is defined as a “physical entity whose law 
of transformation requires either C or C“^ only once.” A vector does 
not necessarily have to possess a magnitude or a direction. It only has 
components and a definite law of transformation. 

To define the magnitude of a vector it is necessary to introduce the 
concept of a metric tensor aa^; and to define direction it is necessary to 
introduce the concept of affine connection, In their absence there 
still exist vectors, reference frames, spaces, and other attributes of 
physical problems; only the two concepts magnitude and direction are 
missing. 

The Metric Tensor * 

(a) If the self and mutual Inductances (and moment of inertia) 
of a synchronous or induction machine are known, their perform- 
ance can be predetermined under all conditions of operations. For 

* T.A,N., Chapter XVIII. 
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that reason the metric tensor aa^ plays an all-important part in the 
study of rotating machinery and of course in tensor analysis. In 
dynamical problems contains all the moments of inertia and 
products of inertia of the system; in geometrical problems con- 
tains the direction cosines of the reference axes. 

When the components of a vector, say (that is, the currents flow- 
ing in the various windings), are known, the magnitude of that vector is 
still unknown. In fact, no definition has been given hitherto of what 
the resultant vector i represents physically. 

{h) The absolute magnitude of \i \ of a vector is defined in 
tensor analysis with the aid of the metric tensor as 

(Magnitude of = | i 32.1 

Or, if the vector is covariant, like (pa, its magnitude is defined as 

(Magnitude of = | ^ |^ = 32.2 

where is the inverse of (Physically represents short- 

circuit inductances.) 

Since the stored magnetic (kinetic) energy of a system is T = (J/^) 
the magnitude of the current vector i^ at any instant is equal to the 
square root of twice the magnetic energy stored in the system. 

Raising and Lowering Indices * 

Multiplication with the metric tensor a^^ lowers an upper index, and 
multiplication with a"^^ raises a lower index, as 

= H or (paO^^^ — ^ 

32 3 

S^e,ya^^ = S-J and 

Only the indices of tensors can be raised or lowered. Exceptions are 
and [a/ 3 , 7 ], whose third indices may be raised or lowered as 

and 32.4 

When an index of a tensor is raised or lowered, its physical meaning 
also changes. For instance, ia is identical with ipa (since L-i = ^); 
similarly = i^. R'J contains “decrement factors” r/L, G/ becomes 
identical with the “rotation tensor” 

* A.T.E.M., Part XV, p. 145. 
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Covariant (or Absolute) Dififerentiation 
(a) Considering the equation of motion 31.13 

pa = raffXp + ^ 32.5 

dyfi 

the term aa^ — is not a tensor (since dxP is not a tensor, as shown in 

equation 30.3). Similarly the last term is not a tensor since is not 
(it contains V). However, the sum of the last two terms, namely, 

dxP o 

+ T^y^ot^X^ - Aa 32.6 


is a tensor (since each of the other two terms of the equation is a tensor). 
That is, the induced voltages do not form a vector (a tensor of val- 
ence 1) ; neither do the generated voltages. But their sum is a tensor, 
no matter what reference frame is used. 

(jb) This relation is used to define one of the basic operations of ten- 
sor analysis that always produces automatically a tensor out of 
another tensor in spite of the presence of differentiation. 

The covariant (or absolute) derivative'" of a vector is defined as 


8A^ 

dt 


dA^ 

dt 


+ V^y^dA^ 


dxP 

dt 


32.7 


The covariant derivatives of tensors of various valence is defined 
with the aid of as many as the number of valence, e.g., 


dt 


dA^^ .dx^ « dx^ 


32.8 


Covariant derivatives may be defined with respect to tensors of any 
valence. For instance, in field problems 


bA^ dA^ 
dx^ dxP 




32.9 


(c) The importance of covariant derivatives is that they obey the 
rules of ordinary derivatives. E.g., 

+ A^^hB^-^ 32.10 

Hence in many analyses the presence of may be dispensed with and 
the analysis performed without being encumbered by How- 

ever, all differentiation symbols then represent covariant differentia- 
tions. 
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The Third Generalization Postulate 

(a) The preliminary postulate extends the use of a particular arith- 
metic equation to a large number of analogous cases by replacing each 
number with an algebraic symbol. The first postulate allows the 
extension of an equation from one degree (or a few degrees) of freedom 
to n degrees by replacing each algebraic symbol by an appropriate n- 
way matrix. The second postulate extends the use of the matric equa- 
tion (or equations) of a particular system for a large number of systems 
possessing the same types of reference frames by replacing each ?z-way 
matrix by an appropriate geometric object. 

(b) The next step in the generalization of the meaning of symbols 
concerns reference frames that have more complicated structures. It 
is comparatively easy to establish, say, the equation of motion of a 
particle moving on the plane. The question arises whether the simple 
equation of a plane may be generalized to apply to the motion of a 
particle on a curved surface, say on an ellipsoid. 

The third generalization postulate states: An invariant equation^ 
valid for an infinite number of physical systems all possessing a simple 
type of reference frame ^ may be generalized to include rt^jerence frames of 
more complicated types, by replacing each geometric object by an appro- 
priate tensor. In particular all ordinary derivatives in the equation are 
replaced by covariant {or absolute) derivatives. 

{c) For instance, the invariant equation 

di^ 

= I>a0 32.11 

at 


valid for all possible stationary networks possessing magnetic (kinetic) 
energy, is valid for all rotating machinery if di^fdt is replaced by 
di^/dt. That is, the equation of performance of all rotating machines is 

di^ ^ di^ 


= 4 




dt 


= L 




dt 


■ + 


32.12 


As another example, Newton^s law / = mdxfdt assumes in a recti- 
linear reference frame with n degrees of freedom the form 

dx^ 


fa 


dt 


32.13 


In any curvilinear reference frame and with generalized coordinates, 
the equation becomes, by virtue of the third postulate. 




dsf 


foi = aa^ “ ^a0 h 


dt 


32.14 
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where the value of depends on the particular reference frame 

assumed. In holonomic reference frames is the Christoffel sym- 
bol depending only on in non-holonomic frames 

assumes a more general form. 


The Generalization of Maxwell’s Field Equations 


As one other illustration of the third generalization postulate, let the 
field equations of Maxwell, given in equation 14.7, be considered. The 
equations are valid in rectilinear reference frames that may move with 
a uniform velocity along a straight line. If the axes are curvilinear 
and the reference frame has an accelerated motion, then equation 14.7 
assumes the form 


I 

II 


dx^ 

dxP 


= 5 “ 


= 0 


III 



QFCC^ 

-f = 0 




32.15 


IV 



dX^ 



dx^ 


"t" 


where the covariant derivatives are defined in equations 32.7 and 32.8. 
(A detailed analysis is given in another publication.*) These are the 
forms of the Maxwellian equations that apply to rotating electrical ma- 
chinery. 

Again Vae,y implied in the covariant derivatives depends on the refer- 
ence frame used. In the special case when Va^.y = MiTI (that occurs 
in most field problems but not in rotating machinery), Maxwell's 
equations assume the very simple form 


i a 

d V~a 
dx^ 


5 “ I 


II 


a s'* 


dx^ 


= 0 


I? _ ^ 

^ dX<^ 


III 

32.16 

IV 


They are practically the same as equation 14.7 except that the deter- 
minant a of the metric tensor aae also appears in the equations as a 
scalar multiplier. 


* Kron, “Invariant Form of the Maxwell-Lorentz Field Equations for Accelerated 
Systems,” Journal of Applied Physics, March, 1938, p. 196. 
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The Expansion of a Tensor Equation 

Again it is emphasized that the use of the third postulate simplifies 
the problem only during the analysis. Before the constants of a par- 
ticular engineering structure may be put into the equations, the tensor 
equations have to be expanded. In particular : 

1. The tensors (like have to be replaced by their equivalent 
geometric objects. 

2. The geometric objects have to be replaced by the w- matrices of the 
particular reference frame under discussion. 

3. The ;^-matrices have to be replaced by algebraic symbols. 

4. The algebraic symbols have to be replaced by their numerical 
value. 

That is, the more the analysis is condensed, the more routine work 
remains that has to be performed eventually. Of course, without con- 
densation the analytical work and the visualization of the phenomena 
would be in many cases either prohibitively complicated or impossible. 

The Establishment of Tensor Equations 

The main purpose of this book is to establish equations of perform- 
ance of electrical engineering systems in a rigorous manner. To accom- 
plish that, certain elementary concepts of tensor analysis have been 
introduced. 

The purpose of tensor analysis, however, is not merely to establish 
equations of performance in a rigorous manner. That is only a second- 
ary role. A far more important role of the tensorial concepts is to 
establish the performance of physical systems in terms of actually 
existing, measurable quantitieSy that is, in terms of tensors only. In 
stationary networks this last role is of secondary importance since 
practically any method gives measurable quantities. But in case of 
rotating machinery, that is not so. In the familiar steady-state prob- 
lems long experience has already established certain routine methods 
that give measurable quantities, but in problems of hunting, little or 
no such engineering experience exists. 

To establish the equations of hunting of dynamical systems in terms 
of measurable physical quantities (tensors) only, still more advanced 
concepts of tensor analysis have to be employed; these, however, are 
not undertaken in this book. One advantage of such an analysis is the 
possibility of establishing equivalent stationary networks that corre- 
spond to the hunting system. If the equation of hunting of a machine 
is not a tensor equation, it is impossible to establish a stationary net- 
work that corresponds term by term to the given non-tensor equa- 
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tion.* The equations of hunting of slip-ring machines, as given in 
Chapter 29, are not tensor equations. 

In general, an equation of a physical system may be represented by 
a model (equivalent circuit) only if the equation is a tensor equation. 

*Kron, “Equivalent Circuits for the Hunting of Electrical Machinery,” Trans. 
A.LE-E.,’ 1942. 
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Amplifier, 32 

Asymmetrical networks, 21 
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Coefficients of rotation of Ricci, 206 
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Coil, definition of, 45 
interconnection of, 23 
Compound matrix, 14 
Connection tensor, 44 
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Contraction, 102 
Covariant indices, 101 
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Curl, 106 

Currents, dependent, 47 
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Decrement factor, 240 
Determinants, 7 
Differentiation, absolute, 241 
ordinary, 104 
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hunting of, 218 
primitive network of, 118 
Direct notation, 98 
Direction, definition of, 241 
Divergent, 105 
Division with 2-matrices, 6 
Dummy-index rule, 101 
Dynamic stability, 216 

Einstein convention, 101 
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of motion, 232 
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Equivalent circuits, of selsyns, 199 
of shunt polyphase, 183 
of synchronous machine, 180 
torque in, 168 

Fan drive, 199 
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Field equations of Maxwell, 109 
four-dimensional. 111 
w-dimensional, 243 
three-dimensional, 109 
Forms, 10 
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Generalization, of Maxwell’s equations, 
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of Newton’s law, 242 
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preliminary, 115 
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Geometric objects, 186 
Gradient, 105 
Ground impedance, 73 
Group property, 44 

Hermitian tensors, 65 
Holonomic reference frames, 191 
Hunting, 213 
frequency currents, 217 
of d-c. machines, 218 
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Index notation, 98 
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Indices, free, 100 
lower, 101 

raising and lowering of, 240 
upper, 101 
variable, 98 
Inductance tensor, 125 
Induction motors,' double squirrel-cage, 
181 

doubly fed, 187 
hunting of, 225 
polyphase, 169 
hunting of, 219 
single-phase, 142 
rotor, 164 
three-phase, 172 
two-phase, 169 
hunting of, 219, 221 
Infinite bus, 147 
Integration of tensors, 107 
Interconnections, of coils, 23 
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Interphase reactors, 86 
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Junction, 45 
Junction pair, 45 

Kirchhoff’s first law, 23 
Kronecker’s delta, 9 

Laws of transformation, 39, 44, 65, 101, 
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Layer of winding, 120 
Linear form, 10 
Load ratio control system, 54 
Locus diagrams, 167 

Magnetizing current, 94 
Magnitude, definition of, 239 
Matric equations, manipulation of, 12 
Matrices, addition of, 5 
column, 3 
compound, 14 
definition of, 3 
diagonal, 9 
inverse of, 7 
linear, 3 

multiplication of, 5 
null, 9 
order of, 1 1 
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Matrices, skew-symmetrical, 10 
symmetrical, 9 
transpose, 8 
unit, 9 
zero, 3, 9 

Mercury-arc rectifier circuits, 81 
Mesh currents, 27 
Mesh network, 22 
Meshes, number of, 44 
Metric tensor, 125, 232, 239 
Minor, 7 

Mixed primitive network, 73 
Motional impedance tensor, 214 
of mechanical problems, 230 
Multiplication of w- matrices, 5 
Multi win ding transformers, balanced, 91 
unbalanced, 53 

Networks, analytical units of, 45 
interconnection of, 28 
mixed primitive, 73 
primitive, 21 
sequence, 67, 77 
sequence primitive, 67 
sub, 45 

Non-holonomic frames, 238 
Notation, direct, 98 
index, 98 
w-Way matrices, 3 

Oscillations, frequency of, 217 

Park's notation, 162 
Per unit system, 160 
Phase-shift transformers, 91 
Polyphase machines, 177 
induction, 178 
primitive, 178 
Scherbius advancer, 181 
series commutator motor, 1 83 
shunt commutator motor, 183 
synchronous, 179 

Postulates, generalization, first, 115 
preliminary, 115 
second, 116 
third, 242 

Power, definition, 42 
invariance or, 42 
Primitive network, 21 
Primitive polyphase machine, 178 
second, 193 


Primitive reference frame, 1 10 
Primitive rotating machine, 118, 121 
second, 192 
simple, 121 

transformation of, 208 
Primitive system, 29 
Primitive transformer, 93 
Primitive winding, 33 

Quadratic form, 10 
Quadrature axis, 120 
Quasi-holonomic axes, 205 

Raising of indices, 240 
Reactance, bucking, 57 
of neighboring coils, 36 
of windings, 33 
types of, 33 

Rectifiers, six-phase, 83 
twelve-phase quadruple, 87 
Reference frames, accelerating, 233 
fixed to rotor, 129 
holonomic, 191 
hypothetical, 65 
oscillating, 228 
rectangular, 110 
rotating, 136, 185 
uniformly moving. 111 
variety of, 186 
Repulsion motor, 144 
Resistance tensor, 125 
Revolving-field theory, 167 
Rotation, of rotor axes, 127 
of stator axes, 139 
Rotation tensor, 127, 206, 240 
Routh’s criterion, 152 

Scalar, definition of, 40 
Scherbius advancer, 181 
Seisyns, 196 
Sequence axes, 65 
Sequence network, 67 
Sequence tensor, 65 

Series polyphase commutator motor, 183 

Shaded-pole motor, 140 

Short-circuit, 73 

Short-circuit inductances, 240 

Shunt polyphase commutator motor, 1 83 

Sign convention, 146 

Simultaneous equations, 1 7 
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Singular transformation, 43 
Small oscillations, 213 
Smooth air gap, 131 ^ 

Space, non-Riemannian, 235 
Riemannian, 237 
Speed-control systems, 196 
Spinors, 65 

Squirrel-cage rotor, 120 
Stability of regulating devices, 149 
Star-mesh transformations, 17 
Stokes' theorem, 108 
Subdivision of networks, 28 
Subnetwork, 45 
Summation convention, 101 
Symmetrical components, 64 
Synchronous machines, 129 
elimination of field axes, 158 
hunting of, 222 
interconnection of, 165 
on infinite bus, 147 
out of step, 163 
polyphase, 194 
reference axes, 129 
steady-state, 162 

Tensor equation, establishment of, 244 
expansion of, 244 
Tensors, conjugate, 64 
connection, 22 
current, 42 
definition of, 39 
dual. 111 

electromagnetic field, 233 
four-dimensional, 110 
hermitian, 65 
impedance, 125, 214 
inductance, 125 
metric, 125, 232, 239 
motional impedance, 214 
resistance, 125 
rotation, 127, 206, 240 
sequence, 65 
torque, 131 
torsion, 234 
transformation, 134 
turn-ratio, 135 
Time as variable, 152 
Time-constant, 217 
Torque, damping, 217 


Torque, formula of, 131, 144, 191 
synchronizing, 217 
tensor, 125 

Transformation, complex, 64 
constraints as, 47 
formula, of geometric objects, 186 
of spinors, 64 
of tensors, 39 
orthogonal, 186 
singular, 43 
star-mesh, 17 
tensor, 22, 30, 44 
theory, 21 
types of, 27 

Transformers, miiltiwinding, 53 
phase-shift, 91 
primitive, 93 
three-phase, 91 

Transient stability, 216 

Transpose of 2-matrix, 8 

Triocles, 32 

7'urn-ratio tensor, 135 

Unit matrix, 9 

Unit transformation tensor, 140 

Unit vector, 22 

Valence, 40 

Variables, dependent, 47 
elimination of, 17, 156 
independent, 47 

Vector, contravariant, 101 
covariant, 101 
definition of, 40, 239 
direction of, 241 
flux-density, 126 
flux-linkage, 126 
magnitude, 239 
unit, 22 

Voltage, equation of, 126 
generated, 122, 203 
induced, 122, 203 

Windings, of capacitor motor, 36 
of turbo-alternator, 37 
primitive, 33 
reactance of, 34 

Zigzag connection, 92 



